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range of topics and for convenience, it is divided into four major sections.

(II.)\> COMPOSITE MATERIALS FOR TRANSDUCER APPLICATIONS;

This covers new work on the 3:1 and 3:2 connected perforated PZT:polymer
composites, forming hydrophone transducer materials of excellent semsitivity and
stabilicy. A refined study of 1:3 and 1:3:0 connected transversely reinforced
PZT-polymer systems which show the highest sensizivity for low hydrostatic scatic
pressures. Finite element theoretical methods have been used to calculate the
atress distribution and sensitivity of the 3:1 coanfiguracion with excellent
agreement to experiment. This year a new family of polar glass ceramics has
been evaluated for hydrophone application, showing good sensitivity with
excellent stability and no aging.

(2) ~ELECTROSTRICTION'

Work has included extension of atomistic calculations of electrostriction
constants to the fluoride perovskites and to the temperature dependence of
electrostriction im SrTi03. Experimentally problems of measuring alkali halide
cyrstals by the direct method have been traced to the charged dislocation
structure and a new equipment has been built to make measurements of the converse
effect, and applied successfully to measure CaF,. Temperature dependeace of the
Q jkl constants has been determined for 3ali04 and for 3aQ.39Srg 4136206 g*vzng
blear avidence of the importance of polarization fluctuations at ctemperaturas
c}ose to Te in the uniaxial ferroelectrics.

(3) " CONVENTIONAL PIEZOELEICTRICS® & ~

Low temperature measuraments are being continued and are comparad to basic
phenomenological calculations to separate intrinsic and extrinsic concributions
to the dielectric and piezoelectric behavior in pure and in doped P?2T7s. I-ray
aethods have been used to examine hetarogeneity in the Zr:Ti distribution for
P2Ts from several different Navy sources.

(4)— PREPARATIVE STUDIES , -~~~

Work has ranged through calcining studies of P?2Ts, fabrication of graia
oriented PbiNb,0g and PbBi)Nb206, preparation of new 2igh c¢/a ratio powders in
the ?bTi03:3iFe03 solid solutions and the zrowth of single crvstals of halide
perovskites for electrostriction studies and of ?bg.gBag, 4 Yb20s bronze
ferrcelactrics for single crystal study of a model morphotropic phase boundary.

Over the contract year, 33 papers relating to work om the contract have
benn published in refereed journals and 39 presentations have been given at
National and International =zeetings. One Ph.D., 3 M.S. and 4 B.S. theses
topics were stimulated from contract studies.
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1. INTRODUCTION

This report covers work which has been accomplished during the first yeoar
of a new ONR Contract No. N00014-82-K-0339 for the study of 'Piezoelecftic and
Blectrostrictive Materials for Transducer Applications’. A number of the
topics covered represent development and extension of studies accomplished on
our earlier contract 'Targeted Basic Studies of Piezoelectric and
Blectrostrictive Materials for Transducer Applications’' snd have capitalized
on the momentum generated in the earlier studies. A number, however, are also
completely new topics,

Since the work to be reported covers a rather wide range of materials and
device applications, it has been divided for convenience into four major
sections.

{1) COMPOSITE MATERIALS FOR TRANSDUCER APPLICATION

(2) ELECTROSTRICTION

(3) CONVENTIONAL PIEZOELECTRICS

(4) PREPARATIVE STUDIES

Following previous practice in earlier piezoelectric report, a brief
narative description is given of current om goinmg work. Completed topics are

included as preprints or reprints of published papers.

2. SUMMARY OF ACCOMPLISHMENTS

2.1 In the piezoelectric composites, important progress has been made in:

(a) 3:1 and 3:2 Perforated PZT:Polymer Composites.

These materials exhibit very high seasitivity with dhzh products of up to
40,000 x 10'15 m2/V and very little change of sensitivity under hydrostatic
pressure., This work has now been largely completed and is discussed in detail

in the Ph.D thesis of Dr. A. Scfuri(l).




(6) 1:1:1:3 Transverse Reinforced Composites.

The highest sensitivities to date, with dyg, products ap to 150,000 x
10-13 nZ/V have been achieved in the foamed transversely reinforced 1:3
camposites. Mg, M. Haon completed this study for his M.S. thesis in Solid
State Scioace(z). His results have recently been confirmed by similar studies
at Plessey Company in the United Kingdom and published in a8 recent paper by
Shorrocks, Brown, Whatmore and Ainger(3).

{(¢) The first finite element calculations of the stress distributiom in
1:3 PZT polymer composites have been carried out. The predicted stress
distributions appear reasonable and the calculated senmsitivities are in good
sgreement with A. Safari’s ueasnfed values.

(d) The fresmoite glass ceramics which were being developed as polar
composites for pyroelectric application have been shown to exhibit both high
0~13

sensitivity (dhgh ~ 1,000 z 1 22/V) and extreme stability in measuremea:s

by Ting(¥

at Orlando. The polar glass ceramic can show 20 aging and appears
very stable to exceedingly high hydrostatic pressures.

(e) Following the work of Banno(S) in NGK, a new water quenching
technique has been used to develop PbTi03 and PbTi03:BiFe05 powders for 0:3
composites.

(f) Ia a joint program with North American Philips Laboratories, a
detailed anmalysis of the resonant modes of 1:3 PZT:epoxy composites has been
carried out. The resalts follow closely the expected performance as a
fanction of scaling for the thickness modes and coafirm the advantage of the
composite (suitably scaled) for electromedical trznsdnction(s).

A cooperative study with Dr. Anld aad his group at Stanford(7) has
revealed a most interesting spectrum of transverse modes, and Dr. Adcld has
developed a two dimensiomal lattice theory which explains the observed

spectra(S).




2.2 Electrostriction

(a) Basic Theory

Calculations of the hydrostatic electrostriction constant Qh and of the
third order elastic constant ¢ ;7 have been made for the non—ferroelectric
fluoride perovskite KZnF3 and the values are in excellent agreement with the
experimental measurements of K. Rittenmyer(g).

A new derivation has been made of the temperature dependence of the Qh in
StTi03 which now takes proper account of the soft mode behavior and gives much
better agreement with experimental values.

(b) Basic Experiments

Problems which have plagued us for more than 5 years in our attempts to
make direct dilatometric measurements of the separated electrostriction
constants Qij in NaCl have been traced to the dislocation structure ia the
crystals. Pinning the dislocations by intemse neutrom irradiation gives much
better values, but does not remove all frequency dependence for Q-

A new equipment has now been completed for measurements of the uniaxial
stress dependence of the dielectric permittivity which is the converse of the
electrostrictive effect. Measurements on Ca.F2 yield high reproducibility and
appear completely consistent with phenomenological correlation.

(¢) Practical Electrostrictors

Measurements in the PLZT family suggest that the slim loop 9.5:65:35
material is a superparaelectric comparable in most properties to
Pbﬂzl/3Nb2/303:PbTiO3. The 8.5:65:35 composition is more semsitive than the

PMN:10% PT, but probably a little slower in electrostrictive respomse.




2.3 GCogventional Piezoelegtrics

(A) A combination of the thermodynamic data of A. Anin(lo), and the low
temperaturs data of Chea, Zhang, Schulze and Cross(ll) has been used to
separate extrinsic (domain and phase boundary motion) from intrinsic single
domain coatributions to e33, dy; and dz; is pure and in commercial doped PZTs.

(b) Preliminary z-ray studies at temperatures above the Curie
temperature T, have verified that Navy cype PZTs from different manufacturers
do have distinguishably different degrees of x—ray line broadening suggesting

differing degrees of heterogeneity in the Zr:Ti distribution.

2.4 P i nd j

(a) New high strain PbTiO3:BiFeO3 solid solautions have been developed
and powders of these materials generated by water quenching.

(b) A wide range of solid substitutions are being explored in the
PbN31/3Nb2/303:PbTiO3 and ia the Png1/3Nb2/303:PbFel/2Nb1/203 solid solntion
relaxor systems. This work is jointly with the Dielectric Center programs as
these materials are interssting both for electrostrictive and for their high
dislectric constants.

(¢) Ia single crystal growth large crystals of the non-oxide perovskite
KlnFs have been grown for electrostriction and non~linear elastic constant
messursments.

Ia cooperation with Rockwell Science Center solid solutioas in the
?bl_xBabe206 at compositions close to the morphotropic boundary at x = 0.6
have been grown into single crystals. The interest in Rockwell is in the high
electro-optic T41s Fs2 and in the possibility for temperature compensated SAW
application.

For this program, the interest is in generating a single crystal material

gpon which the natare of the field induced amorphotropic change may be explored




by simple optical techniques and the full tensor properties measured upon

oriented crystal samples.

Over the period of the contract from January 1, 1983, to December 31,

1983, the following papers were published.
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7
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A, Safari, 'Perforated PZT-Polymer Composites with 3-1 and 3-2
Connectivity for Hydrophome Applicatioms.” Ph.D. Thesis in Solid State
Science, The Pennsylvania State University (December, 1983).

M. Haun, °'Transversely Reinforced 1:3 and 1:3:0 PZT:Polymer
Piezoelectric Composites with Glass Fibers.’ M.S. Thesis in Solid State
Science, The Pennsylvania State University (December, 1983).

E. Galgochi, '‘Polymer:PZT Fiber Composites.” M.S. Thesis in Polymer
Science, The Pennsylvania State University (August, 1983).

M.J. Haum, P. Moses, T.R. Gururaja, W.A. Schulze and R.E. Newnham,
'Transversely Reoinforced 1-3 and 1-3-0 Piezoelectric Composites.’
Ferroelectrics 49:259 (1983).

BR.E. Newnham and J. Runt, 'Polymer:Piezoelectric Ceramics.’ Polymer
News (in press).

J. Runt and E.C. Galgochi, '‘Piezoelectric Composites of PZT and Some
Semi-Crystalline Polymers.’ Materials Research Bulletin 19:253 (1984),
J. Runt and E.C. Galgochi, 'Polymer/Piezoelectric Ceramic Composites:
Polystyrene and Poly (methyl methacrylate) with PZT.’ Journal of
Applied Polymer Sciences 29:611 (1984).

T.R. Gurorsja, W.A. Schnlze, L.E. Cross, B.A. Apld, Y.A. Shuoi and Y.
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(1984).
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Hydrophones.’' Ferroelectrics 50:359 (1983).
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(15)
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(17

(18)

M. Shishineh, 'A New Technique for Measuring Electrostriction
Coefficients at Elevated Temperature.” M.S. Thesis in Electrical
Engineering, The Pennsylvania State University (December, 1983).

C.L. Suadius, '‘Determination of Temperature Dependence of
Electrostriction Coefficients in Strontium Barium Niobate.” M.S. Thesis
in Solid State Science, The Pennsylvania State University (December,
1983).

K. Rittenmyer, A.S. Bhalla, Z.P. Chang and L.E. Cross, ‘Electrostriction
and Its Relation to Other Properties in Perovskite Type Crystals.’
Ferroelectrics 50:535-543 (1983).

M. Shishineh, C.L. Sundius, T. Shrout anmd L.E. Cross, 'Dire
Measurement of Electrostriction in Perovskite Type Ferroelactri
Ferroelectrics 50:219-224 (1983),

Yao Xi, Chea Zhili aand L.E. Cross, 'Polarization and Depolarization
Behavior of Hot Pressed Lead Lanthanum Zirconate Titanate Cersmics.'
Ferroelectrics 54:163-166 (1984),

Chen Zhili, Yao Xi and L.E. Cross, 'Depolarization Behavior and
Reversible Pyroelectricity inm Lead Scandium tantalate Ceramics undex
D.C, Bias.’' Ferroelectrics 49:213-217 (1983).

K. Uchino, S. Nomura and L.E. Czoss, 'Anomalous Temperature Dependence
of Electrostrictive Coefficient in K(Tag s5Nby 45)03." J. Phys. Soc.
Jpu. §1:3242 (1982).

Chen Zhili, Yao Xi and L.E. Cross, 'Reversible Pyroelectric Effect ia
Pb(Sc1/2T31/2)03 Ceramics Under D.C. Biss.’ Ferroelectrics Letters
44:271 (1983),

Yao Xi, Chen Zhili and L.E. Cross, 'Polarization and Depolarization
Behavior of Hot Pressed Lead Lanthanaom Zircomats Titanate Ceramics.’ J.

Appl. Puys. 54(6):3399 (1983).
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T.R. Shrout, H. Chen and L.E. Cross, 'Dielectric and Piezoelectric

Properties of Pb;_,_Ba Nb,0, Ferroelectric Tungsten Bronze Crystals.’
Ferroelectrics Letters 44:325 (1983),

T. Kimura, M. Machida, T. Yamaguchi and R.E. Newnham, ‘Products of
Reaction Between Pb0 and Nb,0g in Molten KC1 and NaCl. J. Amer. Ceram.
Soc. 66:C195 (1983).

S. Lin, S.L. Swartz, W.A. Scholze and J.V. Biggers, ‘Fabrication of
Grain Oriented PbBiszzog.' J. Amer. Ceram. Soc. 66(12):881-884 (1983).
A. Halliyal, A. Safari, A.S. Bhalla and R.E. Newnham, 'Grain Oriented
Glass Ceramics: New Materials for Hydrophone Applications.’
Ferroelectrics 50:45-50 (1983).

R.Y. Ting, A.G. Halliyal and A. Bhalla, 'Polar Glass Ceramics for Sonar
Transducers.’' Appl. Phys. Letters 44:852-854 (1984),

A. Halliyal, A. Safari, A.S. Bhalla, R.E. Newnham and L.E. Cross, 'Graia
Oriented Glass Ceramics for Piezoelectric Devices.’ J. Amer. Ceranm.
Soc. 67(5):305 (1984).

K. Ochino and L.E. Cross, 'Longitudinal Piezoelectric Strain
Measurements of Poly (vinylidene fluoride) Films.' J. Polymer Sci.
21:765 (1983).

X.L. Zhang, Z.X. Chen, L.E. Cross and W.A. Schulze, 'Dielectric and
Piezoelectric Properties of Modified Lead Titanate Zircomate Ceramics
from 4.2 to 300°K.’' J. Mat. Sci. 18:968 (1983).

T.R. Gurursja, D. Christopher, R.E. Newnham and W.A. Schulze,
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A. Amin and L.E. Cross, 'The Ferroic Phase Transition Behavior of
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(29) T.R. Shroutr, A. Safari and W.A, Schulze, 'Low Field Poling of Soft

PZTs.' Ferroelectrics Letters 44:227 (1983).

(30) B.V. Biremath, A. Kingon and J.V. Biggers, ‘Reaction Sequeaces in the

Formation of Lead Zirconate:Lead Titanate Solid Solutions: Role of Raw
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(31) A.S. Bhalla, C.S. Fang, L.E. Cross sad Yao Xi, 'Pyroelectric Properties
of Modified Triglycine Sulphate (TGS) Single Crystals.,’ Ferroelectrics
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Over the year, the following papers relevant to work on this contrace,

were presented at National and I[ntermational Meetings.

AT h NATIONAL S S ON_APPLICATIONS OF J
E CTRICS ISAF 83 N.B.S., WASHINGTON, DC, JUNE, 1983
(1) 1B-2 Ferroelectric Composites (iavited) - R.E. Newnham.
(2) 7B-1 Electrostriction (invited) - L.E. Cross.
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(4) 4B-5 Perforated PZT Composites for Hydrophone Applications - A. Safari,
S. DaVanzo and R.E. Newnhan. !
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Halliyal, A. Safari and A.S. Bhalla.
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A.S. Bhalla and R.E. Newnham

Dielectric and Piezoelectric Properties of Tungsten Bronze Lead
Bariam Niobate (Pbeal_bezos) Single Crystals - T.R Shrouot, H.C,

Chen and L.E. Cross

A E ING OF T ECTRONIC

N _OF : RAMIC SOCIETY, GROSSING NEW YORK, 1983

2B83F

3TES83F

39E33F

40E83F

44E83F

18E83

20E83

Relaxor Ferroelectrics - L.E. Cross

Piezoelectric Compositss - R.E. Newnham

Pyroelectric and Piezoelectric Properties of SbSI:Composites -
A.S. Bhalla and R.E. Newnham

Effects of Sm203 on Electromechanical Properties of PbTi0;
Ceramics -~ ¥.R. Joe, W. Schulze and R.E. Newnhanm

Perforated PZT Composites for Hydrophome Applicatioas - A.
Safari, S. DaVanzo and R.E. Newnham

Processing Effects in PbNb206 Ceramics - M. Bliss, R.E. Newnham
and L.E. Cross

Dielectric Properties in the PbFeq qNbsy ;304:PbNi,, NDA 304 Solid

Solation System - X.J. Haon, S.L. Swertz and T.R. Shrout
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(29) 58ES83 The Ferroelectric Properties of Pbl_Zxxxui*szos M = La or Bi -
J.R. Oliver, R.R. Neurgaonkar and L.E. Cross

(30) 59E83 Growth and Properties of Li Doped TGS Crystals — C.S. Fang, Z.X.
Chen, L.E. Cross and A. Bhalla

(31) 63E83 Strength of Agglomerated Zirconia Powder - W.R. Xue, B.V.
Hiremath and J.V. Biggers

(32) 35ES83 Piezoelectric Transducers - L.E. Cross

PAP AT IEEE AL _MEETING ON
ICS AND UL ONICS TA, 1983
(33) Piezoelectric Composites - L.E. Cross and R.E. Newnham
P AT _THE ANNUAL ' ING OF
S CH_SOCI OSTON, NOVEMBER, 1983
(34) B6.1 Design of Composite Materials for Electro—Mechanical and Electro-

Thermal Applications - L.E. Cross

(35) X.3.2 Structure-Property Relations in Electromic Ceramics - R.E.
Newnham
PAP AT US:CHINA SEMINAR ON CERAMIC, SHANGHAI, 1983
(36) Ferroelectric and Piezoelectric Effects in Crystalline

Dielectrics - L.E. Cross

CAN C IC ASSOCIATION MEETIN NO COLORADO, 1983
(37) Influence of Hydrostatic Pressure on Morphic PZT Compositioms -
A. Amin, R.E. Newnham and L.E. Cross
(38) Primary and Secondary Pyroelectricity in Crystals, Ceramics and

Composites - A.S. Bhalla and R.E. Newnham
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(39) Piezoelectric Composites - R.E. Newnham
During the contract yesr, the following University degrees have been

esrned by graduate and undergraduste studemts working upon the program.

GRADUATE DEGREES - M.S., Ph.D.

Ahmad Safari Px.D., Solid States Science - December, 1983
‘Perforated PZT-Polymer Composites with 3-1 and 3-2
Connectivity for Hydrophone Application’

Michael Haun ¥.8., Cerumic Science ~ December, 1983
"Transverse Reinforced 1-3 and 1-3-0 PZT-Polymer
Piezoelectric Composites with Glass Fibers’

Mojtaba Shishineh M.S., Blectrical Engineering — December, 1983
‘A New Technique for Yeasuring Electrostriction
Coefficients at Elevated Temperatures’

Carole L. Sandins ¥.S.. Solid State Scieace ~ December, 1983
'‘Determination of the Temperature Depeadence of
Electrostriction Coefficients in Strontium Barium
Niobate'

UNDERGRADUATE THESIS PROJECT - B.S.

Daniel Armbrust B.S., Ceramic Science and Engineering - May, 1983
‘Bismuth Tungstate Ferroelectrics'

BR. Michelle Gedrjiewski B.S., Ceramic Science and Engineering - May, 1983
'Composites for Vibration Absorbers’

Deborah Murphy B.S., Ceramic Science and Engineering - May, 1983
'Morphotropic Phase Boundary in the PbTiO3:BiFeO3:
LaFe03; System’

Lisa Veitch B.S., Cermmic Science and Engimeering - May, 1983
'Pb(NiNb)03 Ceramics for Low Temperasture
Electrostrictive Applications’

James Walch B.S., Ceramic Science and Engineering - May, 1983
'X-Ray Line Broadening Studies of PZTs’

During the Summer of 1983, the Office of Naval Research again provided

support for a Summer Apprentice Program in Applied Sciences to permit minority
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students who were considering Science ss s vocation to have ’'haads on’
experience in a basic ressarch laboratory. The students, Cheryl Y. Price and
Lacios Smart, were poteatial eatrants to the University Science College
through the ‘Upward Bound’ Program in their high school in Philadelphia and
the coordinator in Pean State. Bridget Chadwick is a State College girl now
enrolled in our College of Bngineering in the Electrical Engineering Program.

Each studeant was attached to ome of our more semior gradnate students for
immediats supervision. Some indication of their involvements with computer
aided mesasurements, mechanical designm of test specimens and optical
characterization of composites can be ssen in Figure 1.

Wao are proud and pleased to be able to participate in this most useful
'outreach’ program and are convinced that the benefits both to the students
and the program justifies the small cost,

VYork on this program was sgain recognized for its excellence in the
University wide Ierox Awards for Research Excellence for the 1982-83 academic
year. David Christopher who took the award for Research Accomplishment for anm
Undergraduate was doing his thesis project upon this ONR program. Xeven G.
Ewsuk an M.S. recipient made extensive use of the H.I.P. equipment and was a
regular participant ian group meetings, though his support came from amother
program. James Laughner ome of the Ph.D. awardees was a long standing member

of the ferroelectrics group whose work was supervised by R.E. Newnham (Figure

2).
3. €0 ITE I
3.1 verse Rejnforce -3 d 1-3-0 PZT: Polvymer Composites

Early very simple calculations have suggested that the sensitivity figure
of merit dh‘h ¢ould be as high as 300,000 x 10715 mz/N. for a composite with §

vol% PZT. Model systems have, however, been limitad to semsitivities of at

13




SITONES JIHL23T3{C U3 HIINID 3L 4O WvH90dd JINSIDTENINIGY
SIINIIDS G VddY 3ui NI €861 40 HIWWNS IHL INIHNO SEINVIIDILIYVY

SRS K

AJ1Sa3Apu 31015 eyueAAsuudyd 3yy
£a0)000QP) YduPISIY S|P1AII O

131Mpey) “y 13bpyag

6EC0-N-Z8-PIOOON P3I12qQuINU IDEIJUOD JaPUN
Yo I8aSAY [PAPN JO 951330 Ayl Aq parosundg

14




YVIA DIWIOVIV €8-2861 JHL d04 IONITVIIINI HOHVISIH HO4 SGUVMY XOH3X IHL JO SHINNIM
2 »anfly g

ayenpesbaapup ve Aq tepipur) "N e Aq tysIyy APPIPURY Qg P oAq sy
Juduysydwoddy yI4eISIY 1539 40 R40W PAYS|LANd 1579 20 Y108 PIYS Qg 153G
43ydoisjay) pyAeqQ ybuig Jiquey d3ugbne| M sawep

233Ud) YDaeISIY JINSGIN-XUHIX
U5 S| PYIANPH . .
eprpne) SN ue g sysay) Aaoresoqey 3563105 10 NPEIPUR) Q0 ud © Ag cysay)
10 430N pAYSLaANg 1539 *aabeuey 40 340K paysyqngd 1534
ANSM] "0 UIAIY A3134 " uead "ug eysSnC woj

Aduﬂ.ll‘; s

€861 “0C AeW AYtsaanarun 31el1s pruealAsuuagd ay) £403P40qP] ydJIPISIY S| PLIIIPY

15




most 40,000 x 10'15 nZ/N. snd we have for some time known that the major
limiting factor was the effect of the poisson ratio of the polymer which
converts part of the transverse stress into a reverse longitudinal stress
along the PZT rods (Fig. 3).

Studies completed this year by Y. Haun have demonstrated that using
transversely reinforcing glass fibers foamed polyurethane matrix composites
can be formed with figures of merit up to 150,000 x 10'15 nz/N for a 6 vol%
PZT. More refined theorstical calculations taking better account of the
poisson ratio effects suggest a proper theoretical valoe anear 180,000 x 10715
ule which in view of the many approximations iavolved is in quite good
agreement.

It is probable that materials with such high coefficients may be too mach.
influoenced by hydrostatic pressure for all baut very small submergence
hydrophones. However, the trends of the datas with increasing reiaforcement
(fiber volume) are quite clear (Table 1). Certainly, it is possible to
fabricate materials with 2 range of semsitivity and stability properties to
saite a wide variety of potemtial applicatioms. The materials which are the
component phases are exceedingly inexpensive, the challenge aow is to find
antomatsd techniques for fabrication and assembly so as to make large size
sheets available for general testing and development.

A detailed account of the 1:3:0 transversely reinforced PZT:polymer
composites is given in the M.S. thesis by M. Haon. The abstract for this

thesis is included 2s Appeandix 1.

3.2 :Po er Composijtes with 3:1 3:2 Connection
An slternative approach for a large ares segmeanted hydrophone nay be
afforded by the perforated PZT 3:1 and 3:2 connection composites. This

structure which uses drilled or in other ways perforated PZT offers the

16




HYDROSTATI
PZT PRE SSURE

RODS
A
| %,ﬁ -
4
A \
7 \
\
" INTERNAL
POLYMER POISSCN'S
RATIO
Figure 3. STRESS

J~1 Connectivity with Internal Stress.

17




‘poyiaw duwy AYLyy
*3uyasal dyIvisoapdy Buyanp ysd gQr IP PAUTWIIIAP SIURISHOD ITIIII[AITP aYd
WOl paiend{ed 919M SIUPTOTIJS00 U3 3y) -Burisa) dyiIvISOApAY DI0Jaq IpEw IIBM SIUAWAINSEIW ASIYLy

- oot‘eL 08¢ [A%4 €1e A A | 0z ST
97 001" 6¢ 61 %0C GSe SEl €1 Y o |
€t 00S‘ZY €L 947 Z1ig 8sT et Y VA |
09 000°9¢ 621 702 rAAY €L £l 0 €1
SE 000°92 102 621 661 99 8 Yy A
8 00¢ *0g 007 €S S1e 6L 8 Y 11
44 00002 191 LTAl 92 19 8 0 0t
8¢ 006°%Z 1 142 0S¢ (8 8 0 6
84~ 000°0ST 899 LTA 8zl 1s 9 114 g
iz- 009°06 s 191 [AA 0s 9 L2 t
og- 008°Z8 %y 881 8Z1 8¢ 9 8 9
[4 % 00%°S6 596 691 S01 9% 9 8 S
9- 000°L6 08y r{ 114 161 9 9 Yy Yy
91 00t 'Sy V119 r4% | 91 6Y 9 Yy €
08 009 °0Y 052 291 r4% 88 9 0 A
rds 005 ° (1 691 901 607 T899 9 0 1
(N/Dd) lm 3-35 ___ln -0 (8/0d) (N/0d) «nmw_ 1Z4 % sse[) g ayduweg
oo 4glip ug lp €ty

*saydueg aueyiaandjod paueoj pareinsdeouy 103 eleq [ejuawraiadxy
‘T 2198

18



ldvanﬁtge of being much more robust than the 1:3:0 composite, and 2gain by
varying the size and spacing of the holes (Fig. 4) and the mode in which the
holes are filled or capped a very wide ramge of trade—offs can be achieved in
density, semsitivity, robustness, pressure range, etc. (Table 2).

Perhaps the only significant disadvantage is that the 3:1 and 3:2 modes
of connectivity give the structure the mechanical rigidity of the PZT,
however, it should be possible to articulate large sheets of 3:1 or 3:2 umits

in a flexible elastomer.

A second festure of this structure is the protected space inside each
active eslement which om current scaling would be ample for the emcapsulation
of « migiataore semiconductor integrated circuit. For these materials, we
believe it should be possible to convert the locsl pressare information into a
modulation on an electromagnetic carrisr, to then put many element signals
down common wires and still recover individual pressure and phase information
in a centrsl processor.

A detailed analysis of the behavior of a range of 3:1 and 3:2 PZT:poiymer
composites has been given by A. Safari in his Ph.D. thesis. The asbstract from

that thesis is included as Appendix 2 to this report.

In the finite element method, a solid of complex shape is divided up ianto
an interconnected network of small 'finite elemeats.’ Using the hookian
elastic properties and the continnity relatioms required, the elastic stress
distribution at the nodes of the network can be calculated, For composite
materials involving elastic or even visco—elastic properties, the method is
particularly powerful and permits detailed evaluation of the stress

distributions in each phase provided the elasti¢ boundary conditions can be
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Figure 4.

Approximated model for perforated (a) 3-1 and (b) 3-2
composites with circular holes.




Table 2.

Optimized Dielactric and Plezceleczric Properties of Perforated Composites

3-1 3-1-0 1-2 3-2-0

x (mm) 3.5 3.5 4.2 3.2

¢ (am) 4.0 4.0 5.0 5.0

D (azm) 3.0 1.0 3.0 3.0
> (kg/m°) 2600 2600 2500 2300
Yol.Z 22T 35 35 43 43
233 650 650 375 360

can 3 0.03 0.013 0.03 2.02
45, pah 410 430 350 370
,, (07 h 70 75 100 113
3, (107 v ™h) 30 35 50 -0
& (v h 170 200 200 2
3L, (1077ah 5000 7000 12000 13000
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adequately specified. Clearly for such methods, the precision with which the
continuous stress distributions can be calculated will increase as the mesh
size for the finite elements is reduced but, of course, at the cost of rapidly
increasing computation time and expense.

For the case of the piezoelectric composites, the FEM is used to
calculate the stress distribution in the PZT phase, then from the known
macroscopic piezoelectric coefficients the distributionm of electric
polarization can be determined. The polarization for the composite is then
determined using simple series and parallel connection models., From the
composite polarization it is then simple to calculate the composite dh
coefficient.

The method is currently being applied to a calculation of the hydrostatic
piezoelectric coefficient dh for a 3:1 perforsted PZT:polymer composite with a
square hole configuration as shown in Figure 5. At s hydrostatic pressure
level of 100 psi, using bulk constants for a PZT § and a SPURS epoxy polymer,
the phases used by A. Safari in similar 3:1 composites, preliminary
calculations are in excellent agreement with the experimental data of Safari.
For a 3-1 composite with a hole size of 2.5 mm, for example, the calculated dh
was 120 z 10712 C/N as compared to a measured value of 130 x 10712 ¢/n.

Other published papers relevant to the PZT:polymer composite studies are
included in Appendices 3-10,.

For a limited FEM set, the technique is expected to underestimate the
stress values converging to an exact solution as the number of elements is
increased, so that in our calculation, it is expected that the FEM value

slightly underestimate the stress, and thus the dy as is in fact observed.
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3.4 Frespoite: Orionted Polaxr Glass Ceramics for Avdrophone Applicatiogs

Over the last four yesars, s very extensive study has been made of the
dielectric, piezoelectric and elastic properties of s new family of polar
glass ceramics. Starting from appropriate glass compositions, we have
demonstrated that by re~crystallization from a planar surface in a strong
normal temperature gradient, highly polar oriented crystallites can be
generated in the Ba,TiSi,04, BayTiGe,0g, Sr,TiSi,0g, LiySi504 and L128407
families, These are all in polar crystal structures, buot are non
ferroelectric, so that the original orientation initiated when the
crystallites grow camnnot be destroyed except by physical destruction of the
sample.

During the four year period, techniques have been evolved for combining
more than one crystalline phase in the composite and for engimeering
combinations which can be strongly pyroelectric but non pieszoelectric, or
conversely strongly piezoelectric and non pyroelectric. Combinations of
properties which are clearly impossible snd forbidden by symmetry in single
phase systems.

A practical application which looks most promising for the glass ceramic
is as a piezoelectric hydrophone material. In the 3.211Si208 and analog
anTiGezos glass ceramics, a combination of bhigh 8y sand high dpsy comparable
to the polymer PVDF, but in a material with zero aging and extremely stable
properties holds real promise to generate a new standard for calibration
purposes.

Work on the composites is continuing with effort currently focused upon
generating larger samples for study and improving the integrity and uaniformity
of the re~crystallized films. Recent publications on transducer applications

of glass ceramics are given in Appendices 11-13,
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4.1.1 Static Lactice Celculations for KZgF; and KMaF,

Harmonic and first-order anharmonic properties at the zone center have
been calculated for two perovskite fluorides on the basis of the shell model.
The harmonic part of the amaodel used is equivalent to Cowley’s nodel(lz). The
14 harmonic model parameters are determined from the room temperature values
of the elastic and dielectric comstants and from the zome—center optic mode
frequencies. Asnharmonic contributions from coulomb interactions and from
short range two—body central forces between cation—fluorine nearest neighbors
and fluorine—~fluorine second neighbors are included. The corresponding model
parameters are either determined empirically or by assuming the Born-Nayer
potential form. Good agreement between calculated and available roonm
temperature values is found for the electrostriction constants and for the
taird~order elastic constants. The good agreement iandicates only weak
coupling betweea the soft Rys mode and these zome ceater first order
anharmonic properties, and is s clear indication of the adequacy of the shell
model employed. For these non-ferroelesctric perovskite crystals with only
weak R15 mode softening, thermal effects at the zone center can be described
by weakly temperature dependent model parameters and do aot enter explicitly

into the calculation.

4.1.2 Temperatuge Depeandence of Elsctrostriction in S;T;03

Expressions for the electrostriction <Qij) coefficieats at finite
temperature T have been derived from anharmonic perturbation theory by usisg
the thermodynmamics ome-phonon Green’s functions. A ome-to-one correspondence

of all individual terms with the long wavelength method pertaining to the

static crystals has been established. The Q coefficients are given by linear
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combinations of third order coupling parameters (C.P.'s) in the static
reference state, and on the temperature dependent renormalized zone center
frequencies which in turn depend on the third and higher order C.P.'s. The
separate mode softening problem and the uncertainties in determining
consistent higher than third order C.P.’s may therefore be by passed by using
experimental values of the temperature dependence of zone center fregquencies
as input. Numerical application of this procedure to SrTiO3 based on a shell

model with coulomb and short range anharmonicity included gives good agreement

with the measured temperature dependence of the hydrostatic (Qh)
electrostriction coefficient.

For these calculations, it must be remembered that for iomic crystals, at
the zone center, there are two ways of defining the dynamical matrix and the
Green's function, namely with the macroscopic electric field included (D, and
G,) sand with the field deleted (G_ and D_). Experimental optic mode phonon
frequencies are given by the Eigenvalues of D, (or poles of G.), but
dielectric constant and electrostriction depend on the Eigenvectors and
Eigenfrequencies of D_. For transverse optic (TO) modes in perovskite
compounds Eigenvalues of D, and D_ are identical, but Eigeavectors of D, and
D_ are different. In anharmonic many-body perturbation theory all
contributions to electrostriction depend on constant Eigeanvectors of D_
corresponding to the static crystal, and upon the temperature dependent
renormalized frequencies (poles of G_). Hence, the possibility to use

experimental (temperature dependent) frequencies and theoretical Eigeavectors

of the static crystal (corresponding to D_).
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4.2 BExperimentsl Blectrostriction

Using & modified and improved version of the capacitamce altra-

(13)

dilatometer originated by Uchino and Cross Kart Rittenmyer has just
completed a very extensive sequence of measurements upomr single crystals of
the alkali balides (KC1l and NaCl) and upon the fluorite structure crystal
(CaF,). A full account of this work is given in the Ph.D. thesis of
Rittenmyer. The abstract of the thesis is included as Appendix 14 to this
report.

Major conclusions from the work may be summarized as follows.

In both KC1 and NaCl, the measured values of Qy; show a marked dispersion
over the frequency range 5 Hz to 500 Hz. Ve believe that this dispersion is
related to the charged dislocation structure in the alkali halides since: (1)
crystals which have been plastically deformed to a polycrystal form and are
mechanically much stronger show grossly ENHANCED elsctrostriction with
constants more than an order of magnitnde larger than the single crystal. (2)
Crystals which have been neuatron irradiated at very high doses, 30 as to pin
the dislocations show much reduced constants with reduced dispersion. Iz view
of the sbove observations, it is the contention of this work that curreatly
accepted values of the constants which have been measured by the direct method
are distinctly suspect. It is perhaps not surprising that theoretical
calculations do not sgree with current measured values.

For the fluorite structure crystals Can. the values obtained measuring
100, 110 and 111 oriented crystals give a mutually self-comsisteant set. There
is no significaant dispersion for Qll (measured in 100), and only very slight
dispersion for 111 orienmtation but agaig the values are larger thanm would be
expected from simple theory and abount a factor of five larger than vaiues

obtained by the converse method of measurement.
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It has been suspected for some time that part of the problem in making
direct measurements of electrostriction parameters stems from the mounting of

the crystal. Evidently it is not possible to obtain the thickness change by

monitoring at a single point on the surface, and it is essential to glue the
crystal firmly in place to obtain sny reproducibility in the strain

measurement. Very recent optical dilatometer measurements by Chen(14)

suggest
that even in non piezoelectric crystals and ceramics, flexure modes can be
excited. Possibly surface space charge fields give rise to weakly
piezoelectric surface layers and thus an induced bimorph mode.

In future work we will re—design the dilatometer to eliminate these

possible flexure modes.

4.2.2 Measurements by the Converse Method

Over the first year of the current contract period, a completely new
equipment for measuring the dielectric response of single crystals of low
permittivity solids under pure uniaxial stress, has been constructed. In this
uniaxial compressometer, the stress is applied to sample using a simple lever
arm to provide high load at the center point of a piston of hardened steel. To
avoid poisson ratio perturbation of the stress system, the anvils in contact
with the crystal are made of the same crystalline material cut in the same
orientation as the sample under test.

For dielectric measurement, the sample in the form of a thin disk, is
equipped with sputtered metal electrodes and a full three terminal guard ring
system. Contacts to both guard and electrodes are made by pressure pads in
the perimeter of the metal mounting cylinder which are themselves fully
goarded.

Measurements of the capacitance nnder load were carried out using a

General Radio 1620 measuring system which is capable of resolving changes of
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order 10718 Farads. Temperature control was effected by thke verf large
thermal mass of the holder and stressing jig, and slow temperatunre drift
effects were oliminated by messuring the changes iaduced by stress on botk
loading and unloading.

Data for the stress depeandence of permittivity for 100, 110 aad 111 cuts
of CaF, are showa in Figaore 6. A more detailed account of this work is given

in Appendix 15.

4.2.3 BRlectrostriction in High Permittivity Crystals

4.2.3.1 Introductjonm. Two topics have Deen of major interest in their
importance to the basic understanding of eleétrostriction in bigh permittivity
solids. In single crystals bariam titanats (BaTiO3), there are two earlier
sots of measurements of the teamperature depeandence of electrosttiction(ls‘lé)
which give completely different treads for the coefficient Qll‘ If as is

suggested by the data of Beige and Schnidt(IS)

the constant Q;; is a linearly
decreasing function of temperature passing through zero at a temperature close
to the Curie Weiss point Tc‘ then the whole Devonshire phenomenological
theoretical explapmation of the spontapeons deformations of the ferroelectric
phases is saspect. If om the other hand Qll is only a weakly decreasing

l.(16), the

linear function of T as suggested by the data of Huibregtse et a
Devonshire phenomenology is clearly adequate to describe the elasto-dielectric
properties of the ferxoelectric phases.

In view of the importance of the phemomenoclogical approaches to maany of
the efforts, we have been and are pow making to unntangle iatrimsic and
extrinsic comtributions to ferroelectric properties, it appeared most

desirable to equip ourselves to make direct measurement of electrostriction at

higher temperaturs and resolve the curreant controversy omce and for all.
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Using & value of M, = 1.017 x 10721 22/v2 the data in Figure 6

yields
My; = ~0.132 x 10720 n?/v2
Myp = +0.117 z 10720 n?/y?
12
Mgy = +0.507 £ 10720 n2/¥2

(Myp19 = +0.128 1 10720 a2/v2).
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Having constructed and calibrated a thermal expansion compensated
dilatometer which would perform satisfactorily at high temperature, our
atteation became focused on the interesting problem of electrostriction in a
sniaxial parselectric. In L.G.D. theory, the average polarization P is zero
even for temperatures very close to the Carie Point Tc, however, the theory
cannot speak to the dymamical situation and close to T, one expects large
thermal fluctuations of +P snd thus s non-zero value of P2, Sisce in s

uniaxial crystal (unique axis along 3) the strain is givean by
- 2
X33 = Q33P3

If P% is non—zero, electric polarization induced strain must begin to appear
well above T,.

Clearly, in measuring now the induced strain due to the application of
field above Tc‘ the measured value of Q33 will depend on the make up of the
induced averasge chamge of P3. One =22y in general expect at least two
components.

P:(3) due to regions whose polarization is changed from zero, and Pb(3)
dae to the modulation by the field of the thermal fluctuatioms, which already
exist. P‘(3) will contribute to strain in the aormal manner, however becauase

slectrostriction depends omn Pz. +P and -P produce equal strain and modulating

the pre-existing floctuations will pot modulate the strain, i.e.

P3 =Py3) *Py(3)
the induced straiana will be
2
233 = Q3P7(3)-

If, however, we measure only the total polarization, we shall fiad for the

indoced strain
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- ol p2
133 = Q33P3

where Q§3 is an appareant electrostriction comstant such that

1 2 2
B3 _Pu@) _ [P3Py(3)]
Q 2

3 P} P}

As T -> T, we expeoct Pb(3) => P3 and thus Q%s -> 0.
From the manner in which Q33 decreases as T -> T, we may then expect to
gain information as to the importance of fluctuatioms in the total

polarization process.

4.2.3.2 Iasctrumentsgtion. To permit the direct measurement of
electrostriction over a wide temperature range, our original capacitance
ultradilatometer has been modified to reduce the semsitivity and to compensate
the mechanical measuring circuit for the thermal expansion of the sample
support system.

A schematic drawing of the mesasuring cell is given in Figure 7.
Insulation of the sensing capacitor is now by glass ceramic for the higher
temperature. The outer container is split so that the support is partly of
brass and partly of low thermal expansion inconel a sliding ring permits a
tuning of the expansion of the outer support so as to match sample and
standard (quartz) and the glass ceramic support of the inner structure.

By careful balance of this mechanical bridge structure, it is possible to
reduce the thermal effects so that the capacitance bridge can be worked at
high enough sensitivity to detect and measure the AC capacitance changes
induced by driving the standard and by driving the paraelectric sample under

measurement with reasonable AC field levels.
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For the range from 20°C to 200°C, the dilatometer is capable of resolving
AC displacements at frequencies up to 25 Hz of order of 0.05 )4 (5 x 10712
meters). A complete description of the development, calibration and
measurements using this AC dilatometer is given in the MS thesis of Mojtaba
Shishineh, 'A Simplified Temperature Compensated AC Dilatometer for

Blectrostriction Measurements.’ The asbstract for the thesis is included as

Appendix 16.

4.2.3.3 Megsuzements on BaTiO3;. The major problem in this work was not

the dilatometer or the difficulty of measurement but the problem of obtaining
adequate crystals of BaTiO3 for this work. Remeika type samples were too thin
and plate like to give reprodncible displacements. It was not possible to
obtain new melt grown crystals from Saunders Associates whose available
crystals were not of adequate quality. Best results were obtained using
crystals from Tyco Co. which had been produced by edge defined growth.

After annealing at 1250°9C to remove internal stress, these crystals
showed good optical extinction, a Curie point Tc at 124°C and a Curie Weiss
constant C = 1.56 x 105 in good agreement with accepted values.

For measurements in the range 124 to 140°C, Q11 values were in close
agreement with the data of Huibregtse et al. showing only a weak negative
temperature coefficient, and falling in close agreement with values calculated
in the ferroelectric phase from Ps and spontaneous strain.

Above 150°C, measured values begin to rise rapidly due to inhomogeneity
in the field disttibution produced by increasing current. Annealing inm oxygea
was tried to extend the measurable range but without success.

Very recently Roleder in Poland(17) has used a compensated capacitance
dilatometer to extend measurements of Q4 to 170°C. Up to 150°C his data is

in excellent agreement with this work. Apparently, however, his crystals were
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- of higher resistivity aad up to 170°C the weak negative temperature
coefficient is found to persist.

It would therefore appear certain now that the data of Beige and Schmidt
is in error and that as expected, Q;, is oaly a weak lipear function of

temperature and is comtinuous through the Czrie Point Tc.

4.2.3.4

329.61889.39¥0904. Strontium Barisom Niobate (SBN) crystallizes im the
tetragonal tungsten bromze stracture with 4/amm point symmetry in the
paraelectric phase. The four—fold axis of the prototype is a unique non—-polar
28xis so that the ferroelectric species 4/mmm (1) D4F 4mm in Shuvalov’s
notation is uniaxial with only 2 available orientation states * along the 4
axis.

In earlier studies in MRL, Shroac(1®) developed the complete L.G.D.

phenomenology for SBN. For the 4/amm symmetry, the non~zero Qij in matrizx

form aze Qyy = Q3. Q12 = Q3. Q3 = Gy, Q3; = Qg3 Q33. Qg = As5 end Qg

Q, Q5 Q3 0 9 0
Q5 Q4 Q4 0 0 a
Q31 Q34 Q33 Q 0 0
0 0 0 Q44 ] 0
0 0 0 0 Q44 0
0 0 0 0 0 Qg

Skrout determined Q33 both by measuring P, and the strain 33, and by
measuring the piezoelectric constaat d33 in the single domain state.

In the former,

133 = Q33p§ gave Q33 = 3.4 1z 10‘2 m"/cz
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snd the latter
dy3 = 28,833Q33P, gave Q33 = 3.0 x 1072 a%/c?

in ressonable accord.
Above Tc' Shrout measured d33 and 431 in DC field biased crystals to

yield

Q3 = 1.65 x 1072 n#/c?
and

Qgy = 0.45 x 1072 a*/c2.

At that time we could give po reasonable explanation for the discrepancy. In
fact, near to T, the measured data did not correspond to the expected form and

a method due to Nomurn(19)

was used to correct for an apparent non-zero
coupling k33 at zero bias.

In the present study C. Sundius measured Qll' 0%3 and Q%l using the
capacitance dilatometer to measure AC displacement due to the application of

AC field at temperatures sbove T Sawyer and Tower method was used to

¢
display the dielectric non-linearity and to determine the polarization value
corresponding to the measured strain.

Resnlts are summarized in Figures 8 and 9. Clearly 033 and Q3; are
markedly temperature dependent approaching zero at the Curie temperature Tc =~
77°C. The coastant Q,;, bowever, appears to be completely temperature
indepesndent.

It is interesting to note that 0%3 is changing quite markedly with
temperature even at 180°C more than 100°C above T,, and has still not attained

the expected value Q33 ~ 3.0 x 1.0-2 m4/c2. 031 appears to saturate much more

quickly and even at 150°C is close to the value measuared by Shrout in his
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resonance experiments. A detailed account of this work has been given in the
MS thesis of Carol Sundius MDirect Measuremeant of the Temperature Dependeace
of Electrostriction Coefficients in strontium barium niobate. The abstract
for this thesis is included in this report as Appendix 17.

We may note that in SBN the transition at 77°C is slightly diffuse even
for the congruent melting 61:39 compositions, and some persistance of the
polar phase above T, is to be expected. For these bronzes, fluctuation
effects in P3 should be particularly strong. It is also comforting to note
that for P1 induced effects, fluctuations should be very small, and in fact we
find Qll temperature independent as expected. Additional work on low level
electrostriction is presented in Appendix 18, and on the direct measurements
in Appendix 19.

Evidently, all phenomena which depend on P% should be anomalous aear T,.
We hope to confirm these fluctunation effects by measurements of the thermal

expansion and of the optical birefringence just above T,.

4.2.3.5 Practjcal Electrostrijctors. Over the past year effort has been

concentrated upon the PLZT family of relaxor materials over the compositionm
range from 7:65:35 to 9.5:65:35 PLZT.

Detailed studies of the polarizing and depolarizing behavior in the hot
pressed transparent ceramics have been carried through to explore the nature
of the 'depoling tramsition’ in the 8:65:35 composition and the manner in
which this is modified by change in the La,s0; content. This work was
presented at the European Meeting on Ferroelectricity and is included as
Appendix 20.

In sommary, it is clear that large remanent electric polarizatioas can be
built up at low {enperatnre sacross the whole composition range by cooling

under DC bias. For all compositions studied, depoling occurs at temperature
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well below the temperature of mazximum dieloct?ic permittivity and becomes
progressively more gradual with increasing L;203 content. A model involving
the ordering of superparaslectric micro-regions under field accounts well for
sll observed behavior.

Elastic strains accompanying polarization imcrease but become more
hysteritic with decreasing lanthanum content. The 9.5:65:35 composition has
snhystoritic transverse strains almost double those in the Pb(l31/3Nb2/3)03:

PbTiO3 solid solutions at the 8 molek PbTiO3 composition aad should be of

interest for micropositioner applications. Additiomal work iz this ares is

reported in Appendices 21-23.

s. (] PIEZ0
5.1 Iatroductjon

Over the current contract year, work has been continued to explore the
property changes in pure and in doped PZT ceramics over the low temperature
range down to 4°K., The emphasis has been to explore the 'freeze out’ of the
extrinsic domain wall and phase boundary contributioms to dielectric,
piezoelectric and elastic properties. The approach makes use of the
thermodynamic phenomenology developed omn earlier contract funds to calculate
the base of single domain intrinsic properties and the manner in which they
should vary with temperature and with 2irconia:titania ratio.

Neutron diffraction and scattering experiments have been used to explore
the single cell:multi cell thombohedral phase change in the PbZro.sTio.403
composition. The data suggest the pussibility of a short range order in the
Zz:Ti distribution or possibly a precursor of the tetragonal phase which

becomes stable at morphotropy.
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In two short studies, a method of continuous poling for long PZT rods or
sheets has been explored, and a new technique for poling soft PZTs by cooling

through Tc under quite weak fields has been explored.

5.2 Lovw Temperature Measurements

In studies initisated last year, it was observed that for a aumber of
differently doped PZTs ranging from hard acceptor doped compositions to very
soft donor doped formulations, the dielectric permittivity €33, the
piezoelectric dj3 and dj; sll appear to come to common values at 4K. pure
PZTs, on the other hand, which have been chemically prepared with differing
Zr:Ti ratios do not come to common values, and the profile of the intrinsic
behavior is reflected in the low temperatare respoase.

A more extensive series of measurements on doped compositions has
confirmed fully the earlier study. Dielectric data for a wider range of
frequencies shows very marked differences in the loss spectra for the
different doping cations and we are in the process of sorting out the
activation energies and distribution functions for these loss spectra.

The low temperature permittivity level is in excellent agreement with the
value calculated from phenomenological theory using the Curie constant value
of 7.7 x 109 determined from thermal measurements. Extrapolating back to room
temperature, however, it is clear that even in the very hard PZT almost 30% of
the measured permittivity is extrinsic, and that in soft compositions the
extrinsic component is quite dominant, Appendix 24,

For d33 and d31, it is more difficult to decide a proper averaging in the
ceramic from the intrinsic single domain values. Both for d33 and d31. the
calculated single domain values are larger than the observed values at 4K.
This could reflect a syaller contribution from d;45 to 333 and 331 or the

influence of the degree of poling in these doped samples.
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Vork is now in progress to extend measurements to higher field levels to
detormine the temperature dependencse of E. the coezcive field, and to explore
the kinetics of switching at these low temperatures. In parallel studies, we
are extending and refining the phenomenological theory so as to be able to
encompass the single cell:multi cell compositions towards the zircomia rich

end of the phase diagram.

5.3 Diffzactiog Studies

5.3.1 Neutrom Diffraction of PbSZ;o.GIiO.4lg3

Neutron diffraction and diffuse scattering experiments have been carried
out upon chemically prepared powders of Pb(Zro.5T10.4)03. Analysis of the
psoudocubic 311 reflection indicates that the phase change from single to
matli-cell forms is quite diffuse and takes place in the range from 2520 to
300°K. This is in reasonable extrapolation of the existirg phase diagran,
where the room temperature boundary is near the sz‘o.s4rio.36°3 composition.

The diffuse scattsring both at 295K and at 221K shows an interesting
modulation consistent with a small shift of the oxygem ioms in the octahedra
about the Ti", with some evidence of s tendency towards ordering of the Zr
and Ti{ atoms,

Phenomenclogical calculations suggest that at the 60:40 composition, the
Gibbs Free Energies of tetragomal and rhombohedral forms are quite close so
that the possibility exists for local stabilization of naclei of the
tstragonal phase, by local stress fields or chemical inhomogemeities.

This work is discussed in more detail in Appendix 25.

5.3.2 High Tempegrsgture X-ray Studjes
(20)

It has been suggested by Kakegawa that z—-ray line profile studies in
the cubic phase above Ehe Carie point Tc mey be used &s a seasitive indicator

of the degree of homogeneity in the Zz:Ti ratio in a PZT. 1Ia fact, the
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broadening is a sensitive indicator of microstrain in the powder and it is
assumed that in the cubic structure above Tc this microstrain is caused by
unmixing of the zirconium and titanium ions which are markedly differeat in
atomic size.

To see if the technique could be applied as a relatively simple
'screening test’ for PZT powders, powder samples were prepared from six
different PZT transducer formulations sapplied by the Navy Underwater Sound
Reference Division in Orlando, Florida, and compared to a chemically prepared

PZT powder made here in the Laboratory.

Measurements were made on a General Electric XRD6 using a specially
designed hot stage. Profiles were obtaimed for (100), (110), (111), aand (200)
lines at 400 + 0.5°C gsing pure Si powder as an internal standard. A
correction was made for instrument broadening, but no attempt was made to make
the measuremeants absolute as only relative differences inm broadening between
the different samples were of interest.

Initial data suggest that the technique does show up systematic
differences in homogeneity between samples from different sources.
Unexpectedly, the chemically prepared samples which had omly been heat treated
to 600°C showed the largest broadening. Heat treatment of this sample to
1,100°C reduced thes broadening markedly indicating that simple chemical co-
precipitation is not of itself a guarantee of atomic mixing., This latter is
in agreement with Kakegawa's work which indicates quite wide differences
between different chemical preparation methods.

At the present stage, it is too early to recommend the method for gemeral
use, but it certainly merits additional study to attempt to correlate the

heterogeneity with other characteristics of the piezoelectrics.
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5.4 Polipg Studies
5.4.1 Coutiguous Poljsg

A new technique has been developed for poling PZT fibers and ribbons
slong their length, and is the subject of Navy Patent application. The method
graduslly advances the sample past two flexible sarface electrodes which are
kept at a DC potential difference. With electrodes om both sides of a ribbon,
thicknesses up to 1.4 mm have been poled in PZT 501A. Details of the method
are given in Appendix 26 which also discusses the applications for pre—poled

rods and ribbons in composite transducers.

5.4.2 Courje Point Poling of PZT 501A

The inherently high resistivity of donar doped soft PZTs can be exploited
to enable poling at very low field levels by cooling through the Curie point
Tc under DC bias. Fields between §S and 8 kV/cm were found to give saperior
properties to those obtained by conventional poling at 25 kV/cm in a 140°C oil
bath, when the field was applied above Tc and the sample cooled at
~10°C/minante to a temperature well below Tc.

Permittivity g3, 433, and kp the planar coupling were all larger ian the

Carie point poled samples. More details of this study are given in Appendiz.

6. P TUDIES
6.1 i o in the Formati 0 ead Zirconate:Lead Titanate

Studies showing the important influence of the PbO and Zr0y raw materials
upon the resction sequences which lead to the formation of the PbTi04:PbZ 104
solid solution have now been completed and published. The very marked
influence of the natnre of the 2:02 powder upon some of the intermediates in
the calcining reaction sequence have been clearly documented. Details of this

study are given in Appendix 28,

.




6.2 Sslt is

6.2.1 Propazation of lLoad Metanjobate

The reaction of lead oxide and niobium oxide heated in moltem KCl or NaCl

has been shown to lead to partial substitution of the alkali iom to replace Pb

ions in PbNb206. The incorporated alkali ions stabilize the tetragonal

tungsten bronze structure, but reduce the ferroelectric Curie temperature.
' The reactivity of NaCl is greater than KC1l, and can lead to the formation of a
NaNb03 phase with some incorporated lead. This work is discussed in Appendix
29,

Recently studies have been extended to B,0; fluxes. Ia this case, the
tetragonal structure is not obtained, and the equilibrium rhombohedral phase
is obtained as would be expected thermodynamically. Powders with highly
acicular geometry in the ferroelectric tetragonal form obtained from the KCl
flux sre now being tested for incorporation in grain oriented ceramic:plastic

composites.

6.2.2 g:‘in Q!i gg;eg PbBizN_b_zgg

The molten salt method has been used to synthesize platey crystallites of

the bismuth oxide layer structure ferroelectric PbBi,Nb,09 which have a very

large shape anisotropy. Tape casting and simple uniaxial hot pressing have :

been used to fabricate ceramics with orientations of better than 90% and

densities of 96% theoretical. Details of this work are given in Appeandix 30,

6.3 Synthesis of PbTi0;:BiFe0; Solid Solutions

PbTiO3 and BiFeOa are known to form complete solid solution and to
crystallize in the cubic perovskite structure. PhTi03 undergoes a phase
change to a tetragonal ferroelectsic form at 470°C, and this ferroelectric

Curie temperature increases with increasing BiFe03 in the solid solution. For




compositions in the regiom of 70 moled BiFeO3. a morphotropic phase boundary
occurs betweon a tetragonal and & rhombohedral ferroelectric form. There
sppears to be & narrow region of co-ezistence but beyond 80 mole% BiFeO; only
the thombobedral phase is stable.

In the preseat study, powders of different compositions in the range 0.5
to 0.8 mole® BiFeO; have been fabricated from the mixed oxides. Comminution
to an average particle size of 5 pum was accomplished by a water queanchiang of
the calcined cake. It appesars that the very high tetragomal ¢/a ratio im the
ferroelectric form leads to spontaneous rupture as the agglomerated powder is
quenched through the Curie point.

Powders are now being incorporated into suitable elastomer matrix phases

to form 0-3 connected piezoelectric composites.

6.4 electrics

In conjunction with the Dielectric Center Stndies, the effects of some 14
modifier cations incorporated into lead magnesiam 2iobats have been assessed.
Properties studied were the sintering charscteristics, dielectric properties,
electrostrictive Q5 and the diffuseness of the phase change at T,e To
maintain the perovskite structure, dopaat levels were less than 10 mole® of
the asdded oxide. Ia generzl, the maximum dielectric permittivity increased
linearity with increasing Curie tempersture. Linearity of dielectric response
decreased with increasing permittivity. The electrostriction comstant le
decressed with increasing diffuseness of transition, as measured by the
frequency dispersion.

A detailed account of this study is given inm Appendixz 31.

45

&g N e . IJ
SSUT Y BUP I Y G s




6.5 Crystal Growth
6.5.1 Pegovskite Halides

In connection with our program to measure electrostriction parameters of
simple cubic crystals, it was necessary to grow crystals of the fluoride
perovskites KMng. KMaF 4, KZnF3 and ICan. The technique chosen was the
Stockbarger method. Starting chemicals were high purity fluoride KF, MgF,,
ZoF,, MnF, and CaF,. Stoichiometric proportions were reacted and pre—zmelted
in a comical closed graphite crucible. The c¢rucible was used ia the
Crystallox crystal growth system, and acted as the susceoptor for RF. heating.
Cooling from the bottom of the crucible was accomplished by lowering out of
the BRF coil and thus uncoupling the susceptor, whils rotating the crucible to
even out latteral gradiemts.

Lowering rates ~3 mm/bour were found to be optimam. The best samples
produced so far have been for KXgF3 where we have generated single crystal

boules in 1’'’' in diameter and over 1’'' long.

§.5.2 Eb;_.BaNby0g

A major growth effort has been concerned with the attempt to grow single
crystal of lead barium niobate at compositions very close to the
930.53‘0.4Nb2°s composition of the morphotropic phase bouadary. The MPB in
this system is between a tetragonal 4 mm and on orthorhomdic am2 symmetry
ferroelectric phase, but unlike the perovskite PZT system, the two modes of
polarization are symmetry independent and the transition occurs because of an
accidental degeneracy between the two Curie temperatures which vary in
opposite manner with BaNb,04 addition to PbNb,0,.

The growth effort is shared with a Rockwell sponsored program which seeks
to use the bronze close to the MPB for device application. In compositions on

the tetragonal side, €41 increases as the composition comes closer to that of
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the bounding phase, leading to very high values of dlS and rgy the
piezoelectric and linesr electro-optic effects. Since there are no
ferroelastic twins in the vniaxial ferroelectric tetragonal state, the
n0.63'0.4Nb2°6 offers s most interesting practical attention to BaTiO3 for
four wave mixing and optical pahse comjugation.

In this program, the interest in the crystals is as a model system in
which an MPB can be formed in a single crystal host so that the very sensitive
optical methods can be employed to explore phase boundary motion, and the full
single domain tensor properties can be measured and compared to predictioms
from phenomenlogical theory.

Progress to date is summarized in appendices 32 and 33.
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ABSTRACT

Piezoelectric PZT-polymer l-] and 1-3-0 composiZes were transvetsely
reinforced with glass fibers to increase the hydrostatic piezoeleccric
charge and voltage coefficients (ah and Eh) for possible use in hydro-
ohione applicacions. Modeling of these composiies theoretically predictea
.arge enhancements depending on the volume fractioms of P2T rods, glass
fibers, and polymer porosicy, and on the Poisson's ratio and compliance
of the polymer matrix. Experimentally fabricated composites also showed
significant improvements in these coefficients wizh similar trends as
theoracically prediczed. These composires consisced of a foamed or non-
fcamed polymer macrix with 22T rods aligned parallel to the poling direc-
tion and glass fibers {n the two transverse direczions. The addizion of '
3lass fibers greatly deczeased the transverse plezoelectric charge
coefiicient (531) by carrying most of Ehe laceral stresses, while also
reducing the adverse internal stresses that develop at the PI7/polymer
{aterface. The longizudinal pilezoelectzic charge coefficient (533) is
relacively unaffected, because the P2ZT rods carTy most of the stTess in
the poling direction., This decoupling of the 531 and 333 coefficients
enhances the hydrostacic piezoelectric charge coeflicient (Eh). Jue 2o
the small percencage of ?2T required, these composiZas have densitiss
near that of water, and auch lower dielectric comnstants than solid 227,

rasulting in large increases in the hydrostatic plezoelaciTi:z wvolzage

coefficient (Eh). 3y Lacreasihg the EH and §H coefficients :he :th

sroduct, used as cthe figura of meri:, is grescly anhanced.
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ABSTRACT

Lead zirconate-citanate (PZT) is widely used as a transducer
sacerial becausa of its high piszoelectric coefficients. However, for
applicacion in hydrophones, PZT is a poor =material for several -eascons.
The hydrostatic piazoelactric coefficient, dh (= d33 + 2431). i3 very
low. The piezoelectric voltage coefficients, 843 and 8, are low
because of the high dielactzic coustant of 2ZT (1800). The acousctic
aa:chiné of PZT wizh water is peor because of its high demsities
(7.9 g/ce). Moreover, iz is a brittle, non-flexible ceramic.

In the last decade, several investigators have trled o
fabricata compositas of PZT and polymaers to overcome the above
problems of 2ZT. I has beem ghawu chat 1s 1s possibla =3 izprove
upon the piezoelactTic properties of homogenecus PZT by the composite
approach. The concapt that the conneciivity of the individual phases
control cthe the resuliing propertias has been demcnsctrated in a3 number
of composites with different geomstry and different commeczivity of tha
individual phases. The piezoelectTic propertias of these composizes
are 2uch more syperior, compared %o single-phase ?27. However, scoe
of the earliar composites suffer from the disadvantages of diliiczul:zy
{2 sreparaction or reduczion in hydroscatic sensizivizy w1i:Ih lncreasing
sressurse. Thus, there still exists a aeed 25 further iaprave :the

siezoelactzis properties of these composites. Zspecilally, 4z ia




desirable to have the compositas prepared without any problems in
processing and fabrication and also show high figures of merit for
hydrophone applications with littla or no variatiom ia static pressure
sensitivity under hydrostatic loading.

In the present work, based on the theory of coanectivity ana
the earlier work on composites with differeat connectivities, new
composites with different counectivity patterns were fabricated, and
their performance was evaluated for hydrophone applicacions. Most of
the work was councentrated on composites with 3-1 and 3-2 conneccivizy.
These composites were prepared by drilling either circular or square
holes in prepoled PZT blocks, in a direction perpendicular to the
poled axis and by £filling the drilled holes with Spurrs epoxy. Initial
theoretical modeling of the piezoelectzric properties of these compositas
had shown a significant reduction in dielectric comstancs and a large
enhancement in the piezoelaectric Ei and Ei coefficients. . The above
model predicted large variations in both the dielactric and piezo-
electric propertias of_conposizas on the geometry of composizes (hole
size, width and thickness). The model also predicted higher figures
of marit for 3-2 composites.

Experimentally, the effects of several variables, such as
poling of the compoeites during different scages of sample preparacicn,
geometry and 3ize of the composite and use of coupling agents, etzc. on
dialectric and piezoeleciric propercies of 3-1 compoaites, were
investigacted. On samples optimized for hydrophone performance, the %
and 3%3% coefficlents of composites were about 4 and 40 times greacer
for 3=1 composites and 25 and 150 times greater for 3-2 compositas zhan

thiose of solid PZT, respeczively. For 3-1 compositaes, there was




practically no variacion of Eh with pressure up %o 3.4 MPa. Ia the

casa of 3-2 compositas, thers was a slighc variaciom of Eﬁ wizh pressure.
Experimencally observed Zrends in the variatiom of dialecsric and
plezoelectTic properties of both 3=l and 3-2 composizas were similar
to those predicted by the model, and, as prediczad by the medel,
3-2 composites showed higher piezoeleczric figures of meriz than 3«1
composiczeas.

As pazt of the present work, a simpla procedura, suizable Zfor
2ass production was developed to prepare composizes of PZT spheres wizh
a polymer. Ia this zechod, PZT sphnre; of diffarent asiza could e
prepared by grinding PZT cubes for saveral hours. Llacer, the P27 spheras
Jere arranged in a2 donolayer and vera covered with a suizable polymer
T3 obtain composizas wizh a‘i-3 counectivizy pattarz. These compesizeas
had lower density and dialeczrzic consgants zhan solid PZT, and the

valuas of E% and 3%35 of these compositas were comparable with the

o

corresponding values of PZT. Wizh this method, it i3 possibla co

prepare large areas of flexibla composices with repraducible psropercies.
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TRAMSVERSELY REINFORCED l-3 AND L1-3-9Q PIZZOELZICTRIC COMPOSITIS

M.J. HAUN, ?. 40SES, T.R. GURURAJA, W.A. SCHULZE AD R.E.
VEWNHAL!, Materials Research Laboratory, The Pennsvivania
State Universicy, Universicy Park, 2aA 16802

Abstrace Piezoelactric 2Z7-polymer 1-3 and 1-3-0 :omposices
were transversely reinforced wich g’ass Zibers zo increase che
nydrostacic piezoelectric zoerfiicier for tossible use in
avdropinone applications. Modeling of these compositaes theors-
tically showed chat zhe djgh figure of meri:t Iis a func:ion of
the volume fraccions of ?ZT rods, zlass Ifibers, and polwmer
porosity, and of czhe Poisson's racio and compliance oI zhe
polymer matcrix. GSxperimentcal results showed significant
enhancements of the dngn figure of meri:z with the addicionm of
glass fibers. Comparisons of the theoretical predictioms and
the experimental results were made.

O J

INTRODUCTION

Lead zirconate ticanate (PZT) ceramics have low aydrosta
piezcelectric charge and voltage coefficients, dy and 3y, respec-
tively. GEven though the magni:tudes of the d33 and dq;.ccefiicients
are large, the aydroscatic coefficient dp (= d33+2d;51) is low,
because the d33 and d4; are opposite in sign. The nydrostatic
coefficient g, (= dn/23) is also small, because the permictzivicy
£4 is high for 2ZT. Wich the basic idea of decoupiing the d33 and
d3; coefficiants and lowering the permictiviiy, PIT-polvmer zompo-
sices of different connectivity patterns have been fabricacad wizh
ramarkable improvements in the dy and gy coefficiencst.

One type of connectivicv patcarn that has deen parcicularls
successful is the [-3 composite wizh 22T rods aligned i zhe zolin
direction (x3) held together >y a peolvmer mnatrix. The stilier 2IT
rods support most of an applied stress in the x3 direccion, due o

the parallel connecsion wizh zhe more compliant polmer snase. The
coefficiar f zhe com ice would ideallw agqual Iz i :

dyq coef ianc of :the composite would ideal Je agqua

of single-phase ?IZ7. Iz zhe x; and x-~ Zirections I the :

the PZ7 r 2 zonneciad in serias wiza zIh Lrmer masr

zhe PZ ods 3re zonnectead erias a Ihe 2 er

leads to a redugtion of the d5; coefficient zomparad o sl

Tla Thus o8 3 ----; - :u '.‘* ool -2 15 lnzra

227 Thus the Sy IoerIlclant Ior 3 5 IomposiZa 15 LniT2

the replacement oI 227 with polvmer, the germiczsivize of

nilicantly 2nhancac

is greacly raducad, resuliing in a sizn
zieas

IHe ?sisson’'s ratio of the colimer L3 a 2Tt ImpOrIinI TiriTe
agar in dasigning :tomposites Ior nwdrostacic appilczaticas 13 ozne
P2isson’s ratis oI the dolrmer is largse, the JoLvmer wWill he
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aydroscacically iancompraessibla, and adverse intaria. sirass
develop ac che ceramic-polymer izcar face, whizn zsnIridbucze
d31 ccefiicieant. 2orosity can e introduced Int -“e Jolymer znase
%o decrease zhese incarnal sCrasses. 51ass Iisers aliznmed L2 the
x; and x; direccioms of the :omposi:e will 3lsc raduce :the iLnzarna.
stresses, with the additional bemefit af supporing 2 --ansversa
stresses, decreasing the dj; coefiicient witlouf appreciablae raduc-
tion of the d3j3 coefficiemnt. The effect of 3lass Iiders is trans-
verse reinforcemenc ia l~J and 1-3-0 compositas was iavescigatad.

nm

‘ll

s ne
er

The droduct of the dy and g, coefficiancs vas :sad as the Iigure of
aeri:.
TSZORETICAL MODELING

The theorecical =zodeling of piezgeiecziri: 2TT7-o0lymer :ompe-
sizes provides cthe undersctanding raquired Zor zhe seleczizn oI zhe
sropertias of zhe macarials used and zhe zonnecziivizy neaded ot
the oJptimizacion :zf£ che desirad Zigura o7 zmeri:z. Is thRis sac:iicn.
che zmodeling of L-3, L=3~0, 1-2-3, and 1=-2-3=0 piazzselaczri: :cmpe-
sices will be described 0 demonszrata the Iaprovaments i 2riger-

2ies zhat are theoratically possible thrsough =he use 3£ zcmposizas
compared =2 siagle-phase 2272,
The followiag assumpcions wers z2acea:

1) The Zfibers ars hnomogeneous, Lizearlr alastis, ragularlv and
slosely spaced in squara irrvavs, and periaczlv aligned.

2) The matrTix is homegenecus, and lizearly slasci:z.

3) Perfactc bonding 2xiscs jecween IcnstiIuens jnasaes.

4) Constant ssr2ss 2xisss across parallal sonnections.

5) Comsctant scrain 2xiscs across saeries zonnectiosas.

8) ?Planes of aqual scrain axisc- thzrsughouc individual fibers
{20 Suckling 3f Zibers oczurs Thus zhe Iibers are supportad >
the ragions 3f Iiser zrcs

7) Polymer jsorosi
7o lume.

3--

The alaszi: properzias =I zhe ?Z7, Jolvmer and glass {ider
Jnasas are 3csouncad Isr, along wish the iacarnmal strass aflaces
due 2o che diffsrences ia :he s;3 sompliance zoeffiziants ol the
ohases. The addizion 5f jolimer jorasisv 1as also heen accountad
Ior chrough :zhe mogilizazion of the alasticz ocroverzias af zhe

Jolymer onasa.

Tae d33 and 33 soerfiicianzs wera Zetarmined Sv 2cdeling ihe
stressas in the x; aad k3 dirzcctisas of the IompOsiis saparztal:
Ta 23ach of shese dirscsions, 1ne ismpesicze was iivided fmIs ziszincs
parallal seczions :that war2 aither singl2 zhEse U 3 serias Ionmac-
siom of WO Jr :OTr2 znases. 3v Zesarmining tRe zasirag crrTerIias
af zle individual saczicms wizh saerias nccals, the sestisns var:
then combized wiId 33r3ill2l Iccels The rasulIing 3qualisns ralaz:
the piazgcelaczIri: :zzefiizianmzs oI Ihe 1smDOSII2 IS The voloma Srzo-
11ons ina TMag2rial 12nscants SIoIne llnsciIuant cnase




TRANSVERSELT REINTCRCEID -3 AND L-l-0 PIZZCIZLZICTRIC IoiCslTzE
Trom the mode., the Zecendenciss >I the
were Zound wizh raspec:z <o the vo_uze I :
Zibers, ana po.vmer pordsity, aqd zhe 2cissen’
of zhe polymer matrTic Tigure 1 shows zhree Iime
the Tnay Zigure of 1erit olotted against the 7

P27 -ods and zlass Zibers Ior an unicamed 2coxy =

crix, an unicaced
solvurechane macrix, and a twenty perzent Izamed clvurerhanelalrix,

.

* "u
respectivelv. The Isllowing general observaticns were zace!

hl‘

) The addizicn of zlass &
icancly improves Ihe Ihady,
2) Zven though zhe :om

signif

il 511, °f colvurastiane Is isout
TwWwo orders >f z:agnizude graacter chan that oI epoxy, 3w Iigura 3f
meriz are seen wnen 10 zlass fibers zra crasent. Tals Is due IS
zhe 1igzh Poisson's racio of polvurethane, whicn treatas large
adverse intermal stresses at the 2IT-polymer incarface zha:t zoncri-

jute %o :zhe i3, zoefiicient.

(a) Unfoomed Epoxy Motrix

Mox dygp = 11100x107 "' "% /N

PIT = 10:8Z Glass = 10.22

-~
,
m" ’ V

",
r"
s
gttt
”!/ ”!/,;’l,,
iy,
iyt
"I’II’I,,,I:

/II ;I” ”/m /f
i / / i /
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‘ () Unfoamed Polyurethone Matrix {2) 20% Foomed Polyursthane Matrix
1S 2

| Max dy gy = 759000x10° "= /N Max dygy = 1105000.10 " "%

PZT = 0. 452 Gloss = 4.7% PIT = 0.1352

Class = 3.5

o ——

ray

igure .. Thra2e dimensional surizcas 2I In2 .3 Iigura
' sf meri: as a Iunczizm of the volume IvalIiins
f : g . .
, >f 227 rods and glass IizZers
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3) The addizion of glass fibers and/or jolymer porssity
lowaers cthe Poisson's razio of zhe tolymer, reducing che izgarnal
strassas, and chus increasing the Sigure of xmeri:.

4) Wizh increasiang compliance of zhe jol 7mer 2a Tix {smoxy <
oolyurechane < Zoamed polyurechane), :he Jaxizum 3nzy hdh -izure of
nerit iacreases, and shifss :o smaller volume fraczicms of 22T rods
and glass fibers.

5) As che volume Zraczion of glass £ be*s aoproaches cthe z;axi-
zum of 0.4 (che Zibers are :ouching), -he »h@n figure of americ
decreases, because zhe glass fibers significancly reduce :the strass
on the P27 rods in the x3 diracziom.

ZORIMENTAL ?ROCEDURE

Tabricaticn of ?ZT-colymer sompo s wizh -3 and 1-3-0 zon~
aectiviscy has heen reportad ear"e'Jv‘. 277 rods wera aligned par-
allal =5 2ach other usiag a >rass Tack, and suspended over il
zaniscar Lids. The lids wera Iillad wizh spurTs 2goxy and zurad.
The 2poxy served as a 2ase =2 2old the P27 rods in place, 30 thacs
she brass racks :2uld Se removed. Ior the :ransverse veiafsrcament,
Z-glass fibers were aligned and supporsed 9y an 2p0X7 2asa 3s ias-
cribed above. Two glass Iiber arrays wera iaterposed Iz Ilhe x; and
%y direczions :tarough the PZT arvay. The arrvangamencs pjrovided tRe
sasic sgTuczura 3f a sransversaely raiaforced 1-3 3r a 1-2-3 zompe-
sice. The ?ZT-glass Zfider scrucsyres wera placed In 3 zonzaizer
and vacuum impragnactad in 2ither sSpurTs apoxy, Jevesn polvuratiane,
9t a Zoamed Jeveon polyurachane matrix. Afzar zuring the jo.v mer,
samplas were Juf 22 a thickaess of 4.5 am along She x3 diracs
To pravent :he jenegracion of oil, the Iocamed polvurdghane I3mp
sicas were provided wizh a thin layer of spurrs 2poxy i1 Ine X-
and x7 dirsczions. Slacsirodes In the x3j diracticn wers provided OV
silver apoxy.

The samples wera polad iz a "0°C =il sath wizh a Zield o
<7/3m applied for Zive minuces. Afzar 14 hours, Ihe capacitancs

her

3

-
~

[ A
.
H

(o]

and dissipacion Zactor wera measurad at L «Hz
oressure, and also under ydrosctatic prassursa
Lations at higher prassuras. The avdrostacic
cienc, dy, was measuyrad ia 2 seaiad oJil-filla
srassure at zhe ratz 3f 0.3 YPa,sac (30 ;si,secV. The -"a—ga

relsased 5y zhe sample was measursd wiill an alacITrsmecar anc Sllcte
tad as 3 Zunction Jf pressurs oo an X=-v racsrier The zcmocsitas
were jressura~cyc.ad at L2asc Iiva times wiil the :zalculatad In
varues =aken Ircm the Iiizh zvela.
RESTLTS AND DISCUS3IcH

Modeling 2f 1-I-3 and 1-1-3-93 L1I2s showed InaT i@ adai-
tionm of gzlass Iiders as :iTansvearsa riamen: I normal .-l oang
i=3=J omposizas shouli imprave Ihe 1,3y figurs oI meri:z sigzmiii-
zantly. Composizas :=f :hese :IvDes n1avs 2een Jabrizazac viia Iiva
vserzenz 22T rsds and varisus volume Iraczizns 37 3lass Tinars
Jolymer 2a:iTizas. Tiguss I sancws tR2 2xperimenzal rasulIs o




TRANSVERSELY REINFORCED 1-3 AND 1-3-0 PIZZOELEZCTRIC IOMPOSITES

dndn figure of merit Ior measurements made at J.5 fPa (100 psi) of
apoxy, polvurethane, and a2ncapsulated cen percent Ioamed polvure- .

thane matrix composices as 3 funczion of zhe glass Zider percentage.

-
n <

Theoretical predictions are also shown on Figures 2(a) and 2/c).
Figure 2(a) shows chat Zor epoxy compositas, over a range of
glass fiber percentages, che Zigure of merit increased Irom 2000 o
nearly 3500, and chen wich zreater percentages decraasad o less
chan 1000. The differences in theoractical pradictions and experi-
mencal rasulcs are probably due o che difficulties involved in
Zabricatiag these zomposites and the checratizal assumptions of
equal strain across parallal connecticns and perfect donding,
Tigure 2(Y) shows zhat for polyurathane compositas almost an
order of magnitude anhancement dczurs Ivom the addizion of zlass
Zibers. ost of this increase s psrobably due <o the glass Iibers
reducing the intermal stresses chrough cthe combined aflects of the
reduczion of the polymer Poisseon’'s racio and cthe anisotropic
stiffening of the polvmer. A large difference exists decween zhe

(a) <SPURRS £POXY (5) QEYCON POLYURETHANE
10000 l 10000
3 !
2 Z ‘
N . K < |
e 7500 , // Theoretical s ! d |
= / p |
S <000 | / S s g ‘
& / . Experimental |
| o Experimental | < '
%00 75 = :
s = :
0 9 ;
a S 0 is 20 ] 5 ] .S
2 Gloss 2 Gloss
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) bl H
200000 SEYCOM EQLTURETHAN
2 7 Theoretical
~, 150000 L// ol
o l
= ! '
< 100000 || :
};? i ) - ‘ i Tigure 1. The dnzy fizure of
= s0ca0 ’.‘ Lxperimental . Merit olotIacd Tarsus the
4 | percentage 2 Iliass
| Iiders Ior Iive cer
. 22T zod :cmposizes
3 s 0 1S 20 Si i arans matommae
iifferen: sclimer
% Glass nacrices
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theoresiza.l and axperimencal rasul:ls wizh zie addizizcn oI zlass
fibers. Theorecicallv :he Inzgy would increase Ircm arcund 1100 at
zero percent 2TT to greactar than 100,200 with ouly a small addizion
of glass Z:ibers. Againz zhis differaence is due 2o the axperimenctal
processing diZficulzies and cthe cheoratical assumptions JoLyure~
than is very czomplianc, causing 2?27 rods :2 bdreak and :the Yonding
20 be weak. TFor these raasons, :zhe diffarences are largzer than ZIor
the stiffer apoxy compositas.

Figure 2(3) show that for encapsulacad
zomposizes a very signifizant
2L Z.ass

arechane
2eris sczurs with
oredizsion is ver
Jver-eastizatl
the Zaori
Iibers
g-ass
dascr

- -

< -

she addisicnm
v gocd wnen o
on Jdevelcps when
cation 32
zoncTibuzad o0 a
fibers weres 20tC
ided
tical predicsions and axperizanta
auch lass Zor :these composi:ce

tllane :zomposites »yrobably due

larger 5r
iacliuded.

<2

zhe zlass
the polyyrachane z:acT

T23sons pJrovabiy ac*ount

-ompared

zen jercentc fcamed poly-
iacraase the Zigure 3%
Iibers. The :zheoraziczal
Iisers ars prasenc, >Hu:s
‘*'ers are added. Curing
iompositas, iie Zlass
aakage 2f ?T7T rods zhan wnen :he
This along wizh the praviously
Zor iiiiarances i
rasulzs. difisrences arz
2> :the unisamed 2oL
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whizh nay have zaused an addizional zTansverse rainicrcament.
NCLISTO

Iy uodeling 3f 1-2-3 and :-2-3-0 lcmposizas nas nelpec in Rk
Jnderscanding and design o iaproved avdropnoce devizes.

2, The Tnzn :;gu.e 5f meri:z was shown theoratizally I e 3
Sunczion of the volume Ivac:zions I 22T rods, glass Zisers and
Jolymer porosizy, and of zhe Poisson’'s racio and zompliance 35 ke
2clymer.

3) The assumption 3I <onscant sTTrain acrsss zarallal iTtnnec~
zious and perface bonding sectween :le tonstiiuent snase alsng will
the -rocessing diffizulzies n1ave zausad the :thecvrarizal pradizzicns
o de greacar zhan :the axperimenta. Tesulls, althouglh sizilar ITancs
wJera shown.

+) Transverse rainforcemens Of 2DCXY IOoMEPOSizes InlT S_ignTlcv
improved :zhe 3n3R izura Jf meri:z.

5) Transverse raiaforzament of polyuraciane and ancapsu.atad
Icamed polvurechane zomposizes significzanclv izmprove he Tnin
figure 3f 3:eri:z.

3) Zncapsulacion 27 Zoamed polvurathane ismposizas racuzas
degradacicsn and Jrobab.y idds transvarse rainisrzaments
7..":.': TZRNCIS
-, 2I. Yewnhnam. L... 3owen, X.a. XIlliger, Z. Clross, Mazt.

Zagz. 2, 33 5L980\.

2. M.J. Zaun, %.35. Thesi 382
3. %A, Lickar, 2.7, 3%

Zell. 3 l98L).

4. XK.A. LLizkar, W.a. 3chulze, .V, 3iggers, . A3, larin. 3o3

33027, I-108 1382




APPENDIX 4




AP

Ferroelectnes, 1982, Vol. 41, pp. 197-208
0015-0193/82/4101-0197/306.50/0

@ 1982 Gordon and Breach, Science Puolishers. Inc.
Printed :n 1ne United States of Amenca

PERFORATED PZT-POLYMER COMPOSITES FOR
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Componites of PZT and poiymer with J-1 and }-2 connectivity patterns have deen fadbricated by dniling hoies in uin-
tered PZT blocks and fiiling the hoies with epoxy. The iniluence of hole size and_volume (raction PZT on the nydro-

static properues of the cOMPasite was evaiuated. 8y d

gihe p tectnc dyy and v costlicients 1 che compo=

site, (b hydrostauc coeificiants are greatly enhanced. On umpm opunuzed for hydrophons pcnomuna. the
diglectric constams of 3-{ and 3.2 compoutes are 600 and 300 respectively. The prezoeiectne coeilicents da. Ja. and
fadh for 3-1 composites are 230 (pCN™'). 14 (x10” VmN™), and 7300 (107 m*N"') respectively. and (he correspuading
vaiues for 3-2 composites are 172 (pCN~'), 123 (107 VoN"*), and 45000 (10°"* m’N™").

l. INTRODUCTION

In recent years several types of PZT-polymer
composites have been fabricated to improve the
piezoelectric properties of poled PZT (lead zirco-
nate titanate) ceramics. Different types of macro-
symmetry and interphase coanectivity were uti-
lized in the design of the PZT-palymer composites
listed in Tabie [.""* Here connectivity 1-3 means
that the PZT phase is seif-<connected in one direc-
tion, and the polymer phase is seif-connected in
all three directions. [n all composites, the dielec-
tric constant X; of solid PZT is lowered by the
introduction of a polymer phase, and in ail cases
the hydrostatic piezoelectric charge coefficient da
is aiso enhanced. The hydrostatic piezoelectric
voltage coefficient gu and the dhga product used as
a figure of merit for hydrophone application are
therefore considerably enhanczd in all the compo-
site designs.

Klicker er al.* have fabricated 1-3 composites of
PZT rods embedded in an epoxy matnx. As
shown in Table I, these composites have better
piezoeleciric properties than solid PZT. The hy-

drostatic coeificients da and gu are a function of

the dimension of PZT rods. the spacing between
the PZT rods. and the thickness ol the composite.
Based on the previous work with PZT-polymer

* Aiso affibated with the Depariment of Slectnical Eagineer-
ng.

eomposna and on simple series and parallel
models.' it is clear that the differencs in the efastic
compliances of the PZT and epoxy has a favor-
able influence on piezoelectric properties by aiter-
ing the stress pattem inside the composites.

Rittenmyer er ai.’ have fabricated 3-3 compo-
sites of PZT and polymer (polymethyi methacry-
late) with PZT powder in an organic binder and
firing the mixture to give a ceramic skeleton.
After cooling, the ceramic skeietons were back-
filled with polymer (Burps composites). As shown
in Table I, these composites have better piezoeiec-
tric and mechanical properties compared to -3
composites of PZT rods with epoxy. In addition.
the Burps composites are much easier o prepare.

The present study focuses on compuosites with
3-1 and 3-2 coanecuvity patterns, in which the
PZT phase is self-connected in three dimensions
and the poiymer phase is seif-connected in either
one or two dimensions. Samples were prepared by
drilling hotes in sintered PZT blocks either 1n one
direction (3-1 connecuvity) or in two directions
(32 connectivity) and backfilling :he perforated
PZT blocks with a suitable polvmer. Ennance-
ment ol dy was anticipated 1n these COomposites de-
cause of the modified siress distribution within
the compaosite.

2. SAMPLE PREPARATION

PZT-polvmer composites were prepared 9y Jriil-
ing holes n sintered PZT Siucks and [Hiling ne

(33197
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TABLE |
Plezoetectnc Propernes of PZT-Polymer Composites
Ko H(PCN™Y B0 VENT) L@ (1007 @'NT) Reference
PZT 1600 50 4 200 Present work

PZT parncias in ulicone rudder

matnx (0-] coanectiviey) 100 283 2 500 4
PZT replamine in 2 siicone rudber

matnx (3-] coanectivity) 0 Js8 L] 2300 2
PZT rods in an epoxy matnix.-

(13 conmectivety) 200 b ) Q0.4 3138 b
PZT rods in a poivurethane matnx

(1-3 conmectivicy) 83 176.2 29 42100 s
3urps composite (epoxy mawnz)

(33 connectivity) 500 120 ped J200 3
Burps composte (siicone rubder

manx (3] connectivay) 00 250 100 28000 3

perforated block with a polymer. To prepare the
ceramic, 93 wt% of PZT SOlA t was mixed with §
wt% of 15% PV A solution. After mixing and dry-
ing the powder, square peilets measuring 2 ¢cm on
edge and 4 (0 3 mm thick, were pressed at 20,000
psi (140 MPa). The peilets were placed on a plat-
num shest and the binder was burned out at 550°C
for one hour. Sintering was carried out in 2 seaied
alumina crucible using a silicon carthde resistancs
furnace at a2 heating rate of 200°C per hour. with
3 soak period of one hour at [285°C. A P9O-rich
atmosphere was maintained wich sacnificial ce-
ramic petlets of composition 97 mole% PZT and ]
mole% PHO inside the crucibie.” After firing, the
sampies were poiished and cut into smailer pieces
of various dimensions. Air-dried silver saste siec-
trodes$ were applied to the peilets. Poiing was
done in a stirred oil bath at 130°C at a fieid of 25
KV/em for three minutes. After poiing. thres or
four holes wer- drilled perpendicuiar to the poiing
direction using an uitrasonic cutter.j Sampies
were prepared with difTersnt hoie sizes and hoie
separation I (Figure 3a). The drilled sampies were
then placed in a smail plastic tube and 1 commer-
cial polymer (vinyicyclonexene dioxide-epoxvil)
was poured into the tube. The epoxy was cured

* Ultrasome Powders. [nc.. South Paaiieid. NJ  PZT (01A)

s Matenals for Slectromcs. (ne.. Jamaica. NY. Cemetron
200.
§j ShetTietd Ultrasome Macnine Toot. Davion OH.

| Sourrs low nscosuty emoedding media. No. 133, Paive
sciencas (ne., Varnngton, P4, {3976,

at 70°C for eight hours. Finaily, the composites
were polished on silicon carbide paper (o expose
the PZT and to ensure that the facss of the disk
were smooth and parailel. Eleczrodes of air-dned
silver paste were appiied and the composites wers
aged {or at least 24 hours prior 0 any measure-
ment. Some of the 3=l and 3-2 composites are
shown in Figure [.

3. MEASUREMENTS

The dielectric constants and loss factors of ail :ne
samples were measured at a (requency of | XHz
using an automated capacitance dridge. § The Jie-
2oelectric coefficient dyy along the poling direction
was measyred using a dy meter. ** The hydro-
static piezoeiectric dy was measured Dy a pseudo-
static method.' Sampies were immersed in an ori-
filled cylinder. and pressyre was applied at 2 rate
of 3.5 MPa/sec. The resuiting charge was cot-
lected with 3 Keithley siectrometer 32 operated :n
a fesdback charge integration mode. The prezo-
clectric voltage coefficients 3 =d3/0X; and
2 = da/ e X)) were cajculated {rom the measures
values of dyy. da and Xs.

¢ Hewlert Pacxard ' Modet $170A) Automated Cipacitancs
3ndge. Hewtetr P3cxard. !-59-i Yovoql Tokvo Jaoan i

*+ Sertincourt 1 Modet 133 1y meter. Thanner 2epnguc:.
Ine.. 16732 Park Clrcte Drnve. Chagnn Fals, OH. «020.

22 Kenthievy : Mode: 5161 Digitar Slectrometer. Kertniev 2.
struments. [nc.. Cleveland. JH.
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4. RESULTS AND DISCUSSION

Unless otherwise siated. the resuits refer to com-
posites with 3-1 connectivity. The diefectric con-
stants for 3-1 composites are plotted in Figures 2
and 3 as a function of X (the center-to~center dis-
tance for adjacent holes) for two different hole
sizes. The dielectric constant increases linearly
with X at lower values of X, but reaches a satura-
tion value for higher values. Composites with
smaller thicknesses have lower diclestric con-
stants. Also, it is observed that for the same D/¢
(diameter to thickness ratio), composites with
smaller diameter holes have higher dielectric con-
stants than composites with larger holes (see Fig-
ures 2 and 3). Dielectric constants of 3-2 compo-
sites were much lower than the J-{ compaosites tfor
samples with identical hole sizes (Tabie II). Caicu-
lated values of dielectric constants are aiso plotted
n Figures 2 and ] for comparison.

The values of 4y, were used as a measure of the
deyree ol poling. Measured values of dy; for 3«1
composites are plotted as a function ol X in Fig-
ure 4. 1t is observed that dyy increases linearty with
X at lower vaiues of Y. but approaches a satura-
ton value at higher values of Y. Each of the data
points represents the average ol at least twelve

value measurements at different piaces on the
electroded surface oi the composites. The meas-
ured vaiues of dy; in the regions over the holes
were about 10% lower than the &3 values in solid
regions (Figure 8a). It is significant that the dy vai-
ues for most of the composites exceed 300 pC/N,
which is close to the dy; coetficients of sotid PZT
{400 pC/N). It is found that in all composites dy,
decreases slightly with thickness. Also, composites
with smailer hole sizes had larger dyy coefficients
than composites with larger_hole sizes. In all 3-2
composites the measured 4, values were also
higher than 300 pC/N (Tabie I).

In Figure 5 the hydrostatic piezoelectric coeffi-
cient (da) of 3-1 composites is plotted as a (unc-
tion of X for different thicknesses. A broad max-
imum is observed for .Y values betwesn 4 and
4.5 mm for composites contaiming 60% to 707,
PZT by volume. Figure 6 shows du plotted as 4
function of thickness for compusites with different
X. Again it is found that d 1ncreases with thick-
ness. up to certatn thickness, and then decreases.
Figure 7 shows the erfect of poling on the values
of da, when poling i1s carried out at severai diifer-

* ent stages in the process:

1. Potling PZT block betore driling the holes.
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PERFORATED PZT POLYMER COMPOSITES (33517201
TABLE I
Composite - - -
Hoie Size Thickness X _ dn n d b dair
(mm) (mm) (mm Ky (PCN™) (107 VaN"") (PCN™) (107 VmN™) (107 MNTY

Perforated PZT/epoxy

(3-1 conmectivity) 32 (%] 425 810 340 47 210 29 6000
Perforated PZT/epaxy

(3«1 connectivity) 3.2 é 425 760 150 82 pa) 34 7300
Perforated PZT/epoxry

(3«1 connectivity} 3.2 5.3 428 740 330 50 200 30 6000
Perforated PZT/epory

(3»1 connectivity) 32 4.3 423 680 320 53 190 3 5900
Perforated PZT/epoxy

{31 connecuvity) 42 6.8 475 470 90 70 190 46 4600
Perforated PZT/epory

(31 connectivuty) 4.2 8.5 478 430 290 n 2 56 12300
Perforated PZT/epoxy

(3-1 connectivity) 42 6 475 428 30 74 170 - 48 7600
Perforared PZT/epory

{3+1 connectivity) 4.2 .5 © 475 410 275 76 120 13 1950
Periorated PZT/epory

(3-2 connectivity) 32 'Y 45 60 290 90 3 74 17600
Perforated PZT/epoxy .

(3-2 connectivity) 3.2 6.2 45 330 290 9 294 100 29000
Perforated PZT/epory .

(3-2 coanectivity) 3.2 [) 43 320 300 108 2 113 36300
Perforated PZT/¢pury

{32 conmectivity} 32 5.8 4.5 290 290 te 329 123 42000
Perforated hollow PZT

senled with pulymer .

(32 connectiviy) 32 6.2 4.5 340 340 112 m 123 43700

. 2. Poling the perforated PZT before filling it
with epoxy.

3. Poling after embedding the perforated PZT
biock with epoxy.

From these expeniments it was concluded that (o
get higher values of da it is necessary to prepole
the PZT blocks before driiling.

1t should be emphasized that for all composites,
the da coefficients are at least twice that of solid
PZT (50 pC/N). Hydrostatic coefficients for the
3-2 composites are much larger than those of 3-1
composites. An even higher value of dy was ob-
served when measurements were made on perfo-
rated blocks of PZT in which the upen sides were
enclosed with a thin polymer sheet, thereby keep-
ing the inside region completely empty. When
measured in this way a s value of nine times
greater than that of solid PZT was observed
(Table (1. .. -

Some typical values of Ky;, d11. and dy are given
in Table [1. [t 15 important to note that ds depends
markedly on the thickness of the PZT region
above and beiow the holes (see Figure 3a). There

is a critical thickness for which da becomes a max-
imum (Tabie I1).

Piezoelectric voitage coeificients 733 and Zx are
also substantially larger than those of solid PZT.
As shown in Table [I, the piezoeiectric voltage
coefficients ;3 and the hydrostatic voitage coetfi-
clents g are very large for 3-2 composites. The
dugr product used as a figure of merit for hydro-
static applications is more than 200 umes the cor-
responding value for solid PZT.

5. THEORETICAL MODEL

The phvsical properties of 3-1 composites can be
approximated with the modei :ilusirated .a Fig-
ure 3. For simplicity, consider a square ot 'ength /
whose area is egual 10 that ot a circle with radius
r. Then /= r\/;.

We can visualize the J-1 composite as made up
of two parts A and B connected in paruilet as
shown in Figure 3b. Part B v composed ot two
phases connected in series. PZT and poivmer. The
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following quantities can be defined with respect to
the dimensions of the composites.

AY (volume (raction of PZT of part A) = (L, =
a)/L,

%% (volume fraczion of part B) = a/L,

'8y (volume fraction of PZT in pant 8) = (L, —
L

3y (volume fraction of polymer in part B)
74 %

where L, and L, are length and thickness of com-
posite and 2 is the number of holes.

S.1 Dielectric Consiamt

The cgmponent ol the diefectric constant of inter-
et s Xy, since the electrode surfacss are perpendicu-
lar to the poling direction. in the notation used
here, Ky 1s the dieleciric constant of the compo-
site, &3 the dietestne constant of PZT, “’X; that’

of the polymer. and ’X; is the dielectric constant
of part B. Since part A and part 3 are in parailei
connection,

Ky =474k, + VK,

Because PZT and polymer in part B are in series
connection we can apply series modet:

".iu = 'y, + Z‘V/“Ku

Using these relations we can caiculate X;; of com-
posites. Sincz “Xjy = 1600 and “'X;; = $. most of
the contribution to K); comes {rom sart A, which
is PZT. Calculated values are plocted in Figures 2
and 3. [n generai. the measured dieleciric con-
stants are somewhat higher than the predicied
vaiues. This may be due !0 the approumations
involved in the above caicuiations. The zontripu-
tton (o the diejectric zonstant rom 2art 3 may e
much higher than that assumed adove Jecause of
‘he bending or he {lux ines around :he Joies 9n-
taining the poivmer.
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5.2 Plezoelectric Coefficients

The longitudinal coefficient &y relates the polari-
zation component 2; to stress component gy by
the f{ollowing relation: P = d;03. As stated ear-
lier, the dyy values of 3-1 composites are slightly
smaller than that of solid PZT. In a composite
most of the stresses are borne by the caramic, and
if the stress transier to the vertical_columns (sec-
tion A, Figure 8b) is compiete, the dyy of the com-
posite should be equal to the vaiue of dy; for PZT.
But because of the curved shapes around the per-
forations, the stress distribution in the composite
is not as simple as the model predicts. Horizontai
components of stress are produced which lower
the dyy coeificient.

The hydrostatic coefficient of the composite is
given by the relation da = dyy + 2dwn. In a solid
PZT ceramic, the value of dy is low due to the fact
that dyy = —=24y,. [n the 3-1 composites the arc-
like geometry of the composite resuits in mechan-
icaily stiffened elecirodes which transier the hori-
zontal stress pattern, significantly lowering dy,,
and enhancing di. The fact that in some of the 3-1
and 3-2 composites dy = dy; clearly indicates that
dy is almost zero in some cases.

SUMMARY

A simple technique for fabricating PZT polymer
composites with 3-| and 3-2 connectivity patterns
has been proposed. These composites exhibit bet-
ter piezoelectric properties than the previously

studied PZT polymer composites with different
types of connectivity patterns. For 3-2 composites
the £13. da, Fa. and daga values are 300, 370 X 1072
C/N. 123 X 10~ Vm/N and 45.000 X 107'* m*/N
respectively.
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K. RITTENMYER. T. SHROUT. W. A, SCHULZE and R. E. NEWNHAM

Mazerials Research [aboratary. The Pennsvivama Scate Lniversity,
University Park, Peansyivama [6302. LU'SA

(Recerved Fedrvary ¢ /931

Mesuetesine comoustes ul 7ZT ind puiymers were prepared Dy mMixing (IAY Jlaic spneres ~un PZT nowder :n an
Drgane Minder Jnd [INNG e MINIUCE (U PV 3 C2TINUC Saeietan. Aller cnaninyg, (Ne skcieton was 53ck-dilled aun poiy-
mer Jnd poied. IESING INd MIEIOSIVING Progeriics were Medsured 00 wumnies caagny (rom 30 10 0 wiume >
PZT. and compured wufh 4 ncanguiar skeieton Moded e ) ompoute. Compusites wontannng 0% PZT. (0%
wikung ruoder Jgpelr avpecially usefiit [0 AYdrIPNONE JpPOCItuns Wil Jb ¢ Products ¢ Tundred mes iarger (n1an

PZT.

INTRODUCTION

ln a 3-3 compasite.' each of the constituent
phases is continuousiy seif-connected in (hres di-
mensions (0 ive (wo interfocking skeietons in in-
imate comiact with one another. This type of
siructure 15 exhibited by certain poiymer [oams.
9v some phase-separated metais and giasses. by
‘hres-dimensional weaves. and by naturai sub-
»ancss such as wood and corai. The piezoeiectric
ind pyroeleciric properes of J-J composites have
Seen invesiigated recsruly wuh some rather re-
markable resuits.”™ For certain cueiTicients. dra-
natic improvements can de made over the best
nngie-phase piezoeiexrics.

Piezuelectne ceramic-polvmer composites with
}-3 connectivity were {irst made by Skinner® using
4 lost-wax method with coral as 3 siarteg
matenal. Among the advantays ol these compos-
les are Migh hydrosiatic sensiaviy, low dielectne
sonsiant. low density l'or improved acousiic .m-
sedance matching with water. high comphiance (o
sruvide damoing, and the mecnanical !lexibility
weded to develup  conformable  transducsars.
Shrout’ has descrided a simpier method lor faori-
:anng 3 hres-dimensionaily iaterconnecied ead
areonate-utanate (PZT) and poivmer comoosue
vt groperues similar to the coraf-0ased comopos-
(es. The uimpiitied preparation me:hod :nvoives
m™ung 21asuc spheres and 27T powder in an or-
1aric Yinder ‘When carsfuily sintersd, 1 Jorous
LT saeleton 1y tormed. and later dack-ililegd vun
Julvmer 10 {orm 1 J-) composite. Ty lechniQue

is commonly referred (o as the 3URPS procsss.
an acronym [or burned-out piastic spheres. Sincs
the procass invoives the generation and emission
of gaseous hydrocarbons. the name BURPS i
higniy appropriate. The composites Jrepared by
Shrout’ contained a PZT/polymer voiume rano
of 30/70. In this siudy. we regort the sicctrome-
chanmicai properties of 3-3 composites having 1
wide ranys ol PZT/poiymer ratios. and sompare
the resuits with other piezoelecinic materials. 1n-
cluding some recent Japanese work‘! on simiiar
composites. A three-dimensional skeieton modei
is proposed !0 explain the resuils.

EXPERIMENTAL PROCEDURE

Sample preparation

The j-1 comoposites were made from commerciatly
avasiable PZT powder* mixed in a dail miil with
tuny spheres af poivmethyl methacryviate s  PMM)
in PZT/PMM voiume ratctos ot 30770, <0/50.
$0/50. 00/30. and T0/20. The PMM  spneres
ranged trom 50 (0 130 microns n dlameter. anu
tne PZT parucies were doour l=< microns 'a Ji-
ameter. Four [0 eyt ¥ I1QAL 2€TCIRL OF SOV I
ilcohui was added (o0 he Mixiure is 3 onuing
igent. and Jne :nch Jiameter pexets aers ressed

cLltrasonie Prywger PZT-501A Cltrasons Yiagers o
2283 5. Jhinton Ve Samn Mansned. N TG
CPanciences. ac.. Marmngtun 23 Wy TA

33317189
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Compunies tilied with epoxy re denoted by soiid circies. Nuse #ith siiicune ruooer DY open circies. The dasney me
ihe 1deal denwty cumputed 'rom e imoal vulume percent PZT.

at 10.000 psi. The peilets were heated over 3 43-
hour period (0 $50°C in order to votatlize the
PMM spheres: a slow heating rate is necessary to
prevent excstsive cracking., The sampies were then
placed on 2 platinum sheet in high purity alum-
num crucibies and sintered 10 3 silicon carbide re-
sistance turnace 1t 2 heaung rate of 200°C per
hour. with 2 suak period ol 30 minutes at [330°C.
A lead-righ atmosphere was maintained during
sintering Yy placing powdered lead zirconate near
the PZT sampies. After firing, the samples were
unpregnated with aither a sufl vinvicyclohexene
dioxide 2goxy?t or 2 high-purity soft silicone sias-
tomer.: Finaily, the sampies were polished un sii-
1con cartnde paper o snsure that the faces of the
disk were parallet and smooth, Electrodes ot arr-
dey siver were applicd and the sampies pouied {or
two munutes in 3 stirred oil bath at 3U°C with
lietds of 20~25 kv/cm. The composites were ageu
tor at least twentv-four hours beforc measure-
ments were (aken.

Characrerization

The demity of the composites was computed trom
the mass and the measured voiume of 23ch Jdisk.
Tins nrocedure was pertormed anor (o gtecirod-

—————
P Sonery Low=Visgosds Cinoegding Media, Noo S1080 M.
wiengss e, Varamgton, 24 197A
t Doy Corming YD Xemal!) Dow Creming Mourcul 7on-
ducte N hglad, M SXAUW

ing 1o avoud including the siiver in the measurc.
ment. In Figure . the measured densiues are pior.
ted as 2 [unction of the noununal volurmre zercam
PZT. The refationsiip 1s essenuatly linear for 50
tvpes of composites, As ¢xpected. the 200y am.
pies are siightiy denser than e siicoue ruop.:
sampies hecause puxy wets the surtags ot P77
extremely weil and densities the samples. {ncum-
plete back-filling in hgh voiume percene P27
sampiles causes 2 notcsasie seatter :n e [ 3ue
These density vanadons gifect all subseguem
measurements.

Figures 22 and Ib sinow micrograons at iwo dn-
terent magnifications ot 3 polished surtacs i .
composite made rom 50750 voiume auo. The
samples are poted in the verucal direction, ay n-
divated in Figure 23. A lower magmiicatin
(Figure 35, S3X) the matenal appeares reasonapn
hontogeneous. Figure ¢ shows 3 /70 P77
pulvmer umposite m which the PZT o L,
slightfv interconnected. \ ceriain amount o .
tercunnectedness s, Ul TourSe NECISSAry 'or s
e poling. Sut o mnmmize e densuy anyg Jic
lectric permittivity . rhe 22T content siioutd =e o
‘ow as possidle,

in 2l the sections sxamuacy e 227 cemion
LInge from 1 tew icrens o aecut 00 am D
Sgme s true of (e Ao mer regrons  Tae g
structure sitows visiple sracks none 2T oo

oerpendiciiar 1o the soung directiun Thos e i,

NOOCANG et N e ieteciric JeOMIin o
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FIGURE 1

SEM mcrograons » ) :umooses (2 and M
Tiled wuf (0% soivmer ind ¢ with (0% soivmer. Note (he
Yonzontai raciure unes ia 1a) niroduced Junng Joing.

ture of (Nese sampies is 9n 3 [iner scaie (Nan manv
ather composites. more 10omogeneogus secirome-
h8anical properties 2an de 2xpecied. wnic s ad-
7antageous [or igh requency iponcauons.

\{easurements

The dieiecinic Jermittivity and |0ss vers measured
it 1 !requency I . <Hz using in jutomatea :a-

7?9

pacitance dridge. T he dieteciric constant is pictied
in Figure J as a funcuion of volume perceat ?Z7
far the epoxy iand silicone siastomer composites.
The refationships {or >oth types of composues are
essenuaily iinear in he ~ange of comopusitions
J0=70% PZT examined. However. :fie reiationshio
must curve rather steediy above 0% o aporoach
the vaiue for pure PZ7. roughiy 1800.

The average piczoeiesnc consiant [or the som-
posite matenais (dy;) was measured ~ith 3 3ertin.
sourt dyy meter. This measursment 1isO Jrovides 3
check on the compieteness of poiing. The meas-
ured piezoeiectne coeificients are piottey as a
function of voiume gerczat PZT n Figure 4.
Again, the refatoasnip s sssenniatly linear for
both the epoxy-iiiled sampies ind :he aiicone
composites. Larger :oetficients are obtained ‘rom
the siiicone specimens. pernaps Jecause of hewr
gh  stastic sompnanc: YN DrOMOtes 5iress
transier to e PZT. The Iy, soefficient of soid
P2T 501A s approximatety 2300 5C/N. Hvaro-
5lanC prezceiestme soedficients (2. ~ere Measures
9v 1 sseudosiatic merncd. Pressure was aponed .n
an ou-ililed cviinder at 1 sate a0 {00 ssisses. ana
(he resuiting <narge vas :otlect2g ~un 3 Neinies
Electrometer coerateg a 1 ‘ezgbacx narge--ace-
jration mode. Figure 1 sn0ws Ja 2010 3s i
function of voiume percsat ?ZT A Yroag max-
mum s Joserved 'n 'ne f0="0% 3ZT somousition

-ange. Hvarostatic :zefficients ‘or :ne sidicone
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FIGURE ¢ Longiudinal prezosiectne comtiicient v for PZT-puivmer <o

1
Q Q 20

composites are ibout twice as large as epoxy
composites of (he same votume (raction PZT and
up to five times larger than the du vaiue of ?ZT
(=50 pC/N).

The piezoeleciric voitage <oetficients 733 and 7»
are also substanuaily larger than those of solid
PZT because tfle somposites have much lower
dielectric constants. A Oomposite containng
30% PZT and "0% silicone slastomer has 3 7y

4Q

|
SQ 8Q T 30 30

wuh o3 ¢ vty

t=dv1/K 11¢0) coefficient of about 200 X {0
Vm/N :ompared o0 25 X 107 for ihe soha
czramic. For hvdrostane conditions. 7.1 =d..
K1t s 300ut {00 X [0 for many ot e su-
'cone rypber :umoposites. whiie (aat Jf soud PIT
s a1y 3 X (07 Epoxv comoposites have some-
~nat smailer ~oitage coe:ficients than (Aose Macs
~1n siiicone 2tastomer. The avdrostanc figsre ot
mert daga) Or vdropnone 10oucAONs s

4

s




MEZOELECTRIC 1-3 COMPOSITES

a
o

¢ EPOXY
o SILICONE

3

[ole]

PIEZOELECTRIC COEFFICIENT d, (pC/N)

(327V/193

%

1
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FIGURE $ Hydrosanc prezoeiecine soeifuaem da for PZT-poiymer compostes.

largest for PZT=silicone rubber composites con-
taining 50% PZT. For these sampies dagr exceeds
2X 107" CVawN?, more than 2 hundred times
larger than solid PZT ceramics.

The results compare (avorabdbly with measure-
mMents on simiar materiais. Using the same tech-
nique described in this paper, Shrout’ previousiy
prepared a number of PZT-poiymer composites
containung 10 voiume percent PZT. The PZTwiie
Icone rubber sampies had dielectric constants be-
tween 40 and 200, 4y vaiues in the range
30-240 X 10" C/N. and 7» values of 50-70 X 107’
Ym/N. Plezoelectne coefficients for PZT-epoxy
composites were somewhat smailerr  dyy
60=110 X 10°*? and 7» about 40 X 10°’. Porous
interconnected PZT-silicone rudber sampies pre-
pared by Nagata and co-workers' gave 7j
=130 X 10" Vm/N. These composites contained
48 volume % PZT. The ladder-type comPosixa
reported by Miyashita and co-workers® gave
slightly lower values of 30 X 107 for gs.

THEORETICAL MODEL

The pnysical properties of J-] composites an de
described wath the cudic array ilustrated o Fig-
ure 6. The modei consists of intersecting reczangu-
‘ar columns of PZT arranged n threz perpendicu-
iar directions and smbedded n 1 poiymer matnx.
Ffor simpiicity, it s assumed :ihat Jne set of
:otumns s parallel (o the poiing direstion (.0,

and that this set of columns are (uily poled. while
thase in the perpendicuiar directions along X and
X are unpoled.

Berlincourt’ used a simiar modei to explain the
piezoeiestric properties of PZ] sponge. 3 porous
ceramic made by Clevite Corporation about
twenty years a2go. The sponge was J-} structure
made from a slurry of PZT, water. and soapsuds.
but it was difficuit to dack-{ill. and therefore
composites were not prepared.

[n one *unit cail™ of the cubic array, there are
four kinds of PZT blocks: (i) rectangular blocks
parailel t0 X, (ii) reanguiar blocks paraile! to
Xy, (iii) rectanguiar dlocks parallel to £, and (iv)
cubic blocks at the iatersections. The cubre lattics
contains equal numober of the {our itypes. [[ the

FIGURE 5 The repeat Junit 3f 1 :uDic xefeton uysed v
node! :fe liwieSinic inGd Jie20eteciNG  Jroverties U i)
somuosites.




194413281

length of the rectanguiar blocks is /. and the width
L. then the voiume of the rec:angular blocks is L°/
and that of the cubic blocks L’. {n one unit czil of
the cubic array. the volume of PZTis L' + L%/,
and the volume fraction PZT is

L L+ 3Ll
Y W — (1

€L+
The remainder of the volume is filled with
polymer.

Dielectric consiants

The dieiectric constant of interest is X 1) since the
electrode surfacss are_perpendicular (0 ). In the
notation used here. _K 1 is the dieiectric constant
of the composite, ' 13 is the dielectric constant of
PZT. and iK1 is that of the polymer. Since
'Ky ® Ky, the dielectric properties of PZT tend
to dominate the calculations. The recangular
blocks parallel to X). together with the cubic
blocks. coatribute most to K ;. The biocks paral-
lel 10 X\ and X3 are connected in series with poly-
mer and therefore contnibute reiatively little.

For a unit cube (L + !/ = 1), the dietestric con-
stant s approximately

Knm'Kylt (D

where L is the width of the rectanguiar biocks
(Figure §). expressed in cail fram’ons. This as-
sumes that the permittivity of PZT (‘K ~ 1300 is
far larger than that of the poiymer ( g~ 100
Using the refationsiip between L. /. and 'v given in
Eq. (1), the dielectric constant of the composite
can be written as a {unction of the volume (rac-
tion PZT ('v). This is piotted in Figure 7. The
measured dieleciric consiants are ower than the
predicted vaiues. This may be due !0 deticiencies
in the theoretical modei. but the cracks caused dy
poling (ses Figure 11) undoubtedly contribute o
the discrepancy. Sincs the cracks ire onented
perpendicuiar (0 the poiing direction. the matenal
is essanaily divided up into capacitive siements
with air and PZT :onnected in sertes. Under these
conditions. the sermuttivity drops -apidly with
oniy 3 slight amount of {racture. Silicone rupoer
provides less mechanicai support (or the csramic
than does 2poxy. This may sxpiain why more
cracking was o0served (n ‘he siiicone ruboer som-

K. RITTENMYER. T. SHROUT. W. A, SCHULZE AND R. £ NEWNHAM
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FIGURE 7 Picrvetectne and dietecine coetlicients 2uwu-
lated from (e cuoee drray modei.

posites. and why lower dietevine
conswaants.

The dietectric constant of a 3-3 composite de.
creases rapidly with increasing poilymer content.
For simple parailel connection. a2 iinear reiauon
between the dielectric constant and the volume
fraction PZT is expecied. For a3 cubic lattice
model. the decrease is faster than linear. wien i«
advantageous (or the prezoeiectric voilage coetfi-
cient. The reason for the rapid decrease s that
much of the PZT is in series with poivmer.

they have

Piezoelecinc coerficients

The longitudinai coefficient d4y; reiates the poian-
zation component 2 (0 stress component gy, For
3 composite, the magnitude of dJj Jepenus
strongly on what fraction of the stress is Sorne b
the piezoeleciric ciement. [deaily. the sutl mezo-
slectric ceramic bears all the stress and the son.
mer none. For a perfect parailet connecion’
< _ vildy g =t iy sy

w= N N 13
LR ST Nadi SRS 31 1

wiere 'v und ‘v are the sespective wotume rac.
tuons of PZT and poivmer. Longiudinar :om-
sliancss are denoted 3v 5y ana sy, ang ae
Diezoeiectric ¢ffect of :Ne soivmer 5 1ssumeu o
De 7ero "Iy = 0.

Comoposites with 3-3 connectiviey are 2aruah
in paratlet and sarually :n sertes. 1ng nerstires
Eg. 13) will not 2e accurate. Rerermng 10 Tigurs o
e parnon of 2T in paraile! win e 200y mer
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matrix consists of the cubic blocks together with
the rectanguiar ¢olumns parallei to X). This part
of the PZT skeleton is assumed (0 be futly poled,
and therefore piezoeiestrically active, The rectan-
guilar biocks parailei 10 X, and X are in series
with polymer, and sincs they are unpoled. con-
tribute nothing to the piezoeiectric eifect. Thus
much of the PZT (approximately two=thirds for
smail {ractions) is inagtive, and the composite be-
haves as if it contains a much smailer volume
fraction PZT. The lormula for dy; can de rewrit-
ten as

[ ] ld f
‘ r 11 lll ) (4)
o + v. ‘

Jn =

where 'v* is the volume fraction of acive PZT
and ‘v* is the voiume iraction of polymer lcaded
with inactive PZT. 1%, is the modified compiiancs
of the polymer. The voiume fraction of acive
PZT is

) 1
yom LIELY
L+

where L and / are the dimensions referred 10 Fig-
ure 6, The loaded poiymer volume f{raction
fyt =) = v . Elastic compliance coefficient *sf)
|s less than ‘syy. but is substantiaily larger than
‘s13. the compliance of pure PZT. In Figure 7, the
value of d1 is ploctted as a function of 'v, the total
\olume framon of PZT. assuming a vaiue of 0.!
for 'syy /st If mls ratio is very much smailer, 4n
is independent of 'v, reverting (o the ideal parailet
connection model. -

Piezoeleatne coeiTicient dyy is more straightfor-
ward. Two parts of the PZT network are piezo-
slecinic, the rectangular columns parallel to X
and the cubic blocks at the interseaing columns.
Since stress component g, is carried by the laterai
rectanguiar ¢olumns, the siress is transmitted (0
the cudic blocks but not (o the vernucai coiumns.

(5

329V 193

Therefare oniy the cubic biocks contnbute @0 ;u.‘
dy = L /(L + 1Y

In Figure 7, du is plotied as a function of toual
volume (raction PZT. When 'v is large, the com-
ite consists mainiy of cubic interse=tions. and
31 is large. When 'v is very small. the intersection
cubes neariy dxsappear. and so does d11. The rapid
decrease of 4y, with 'visa strong contnbudung tac.
tor to the hydrostatic sensitivity.
The hydrostatic piezoeiectric coefTicient dv is
obtained from d3; + 2dy, and 1s plotted as a {unc-
tion of 'v in Figure 7. Note that da goes through a
broad maximum near the 0% composition, sim-
ilar 1q the experimental values (Figurs 5). [n gen-
eral the modet gives good agrezment with the
experimental resuits.
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The Pennsylvania State University
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1. Introduction and Background

Several crystal classes whose internal symmetry results in a permanent
electric polarizacion display the property of plezoelectricicy. These materials
produce an elecrtrical response due to the application of mechanical stress. The
magnitude of the charge is linearly proportional to the stress through the piezo-
electric coefficient (d) and the sign of the charge can be changed by reversing
the direction of the stress. The polarization (PQ developed under this

direct pilezoelectric effect is:
P, =2 4d,.0. 1)

where C is the applied stress and i and j refer to orthogonal directions

within the sample. In addition to the direct effect, piezoelectric materials can
also convert electrical energy into a mechanical response. This converse piezo-
electric effect is given by:

S (2)

1 T 4y4Fy
where S 1s the mechanical strain produced by the applied electric field (Z).
Piezoelectric materials have found application in a large aumber of areas
including radio transmitters, hydrophones, resonators and phonographic pickups.
At one time, natural crystals (such as quartz) were used as the piezoelectric
element. Today, however, mary piezoelectric macerials are prepared from polv-
crystalline ceramics such as lead zircomate titanate (P2ZT) and barium =itanate.
Applicacion of nhigh electric fields (poling) at temperaturas just Selow the
Curie temperature are required to intreduce a solar axis in chese materials. as

.

-an be seen in Table 1, che poled ceramics have juite larze J-coe

n
3
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2
3
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desirable in piazoelectric driver applicacions such as ulcrasonic cleaners and

sonar. For hydrophones and phonograph pickups a useful figure of merit is the

piezoelactric volzage coefficient (g) which is defined as:

4 !
1] Ei X

where £ is the dialectric permittivizy of che macerial. The z's of zhe
ceramics listed ia Table 1 are somewhat less outstanding than their d-coefficiencs
due to their large dielectric permictivities.

In the last decade considerable affort has been devoted to develoring piezcelec:tric
polymers (1,2). The polymer that has received oty far the most atctautiom is poly
(vinylidene Sluoridei(PVFz). ?VFZ is a semi-crystalline jolymer(gpicallv abouc 5%
crystallinicy) with a glass transition temperature of aear -40°C. Currently,
four forms of crystalline PVFZ are xnown (l)These are generally referred =0 as
forms I,II, III and IIpor 3,2,y anda o’ respectively. The form of most izmportance
from a piezoelactric standpoint is form.i (3) since in this phase the dipoles of
cthe moncmer units are parallel resulting ina suéscaucial disole mement. Comrerzial
?V?Z usually consists of ancipolar form II crystals and must therafore »e :zakan
through a series of processing sceps in order fo render the maceriazl piazoelec:zric-
ally-active. A typical approach involves stretchigz commersial ?V?Z Iilm act

50 co 63°C 2o about four times ics original lengch. The filzy is then

P 2 v = ] . s
aleccroded and poled ac a Iield of approximacely 5 x 10 Z/:m ac 100°C ZIst an

P

-

hour. The Iilms are subsequencly coolaed o room zemperaturs undar :the appiiad

fiald to prevenc devoling.

?V?z nas a dielacsric czonstant of sbout 13 whizh Is ralazivelr lavge Sor
srgzanic =zacerials Suc is some zwo ordiers 3Cf magnizucde lass :than

amwnin Mg P ad - P
38731 %erfZlllant 2

227 ceramics. The longizudinal piezdelactri

(3]

VT, L3 suiza 2izn Isr polvmers - 2a Iie order of 1T iz 10 ze. buz his is sizm




ficantly lower than the d33 values for PZT ceramics which range from abour 100

to 600 pC . Despite the relatively small d33
N

sufficiencly low that a large voltage coefficient (333) is obtained.

, the permictivity of PV?Z is

The relative compliance and flexibility of PVF, is high and its density is

2
low compared to conventional piezoelectric ceramics, and these properties imparc

some decided advantages to PVF2 when used as a piezoelectric sensor. 4 low density

plezoelectric has better acoustic coupling to water and can be more easily
adjusred to neutral bouyancy than the high density PZT ceramics now used for
hydrophones. Compliant polymers alsoc have better shock resistance than con-
ventional ceramic transducers and the large compliance also means high damping,
which is often desirable in a passive device. In addition, a flexible material
could be def-~rmed to any desired profile.

Overall, this combination of properties appears quite attractive and, in
face, PVF2 has gained the attention of a number of investigators whose efforts
have been directed toward developing devices based on piezoelectricitcy in

PVF2 (3,4). There are, however, problems associated with the use of PVF The

5"
low piezoelectric strain coefficient reduces its importance as an active device,
and alchough its high voltage sensitivity means it may be good as a passive
device, a problem arises here, too. When used as a hydrophone, the material
must be fixed to a curved surface which can flex in response to pressure
changes. The difficulcty lies in designing a sealed flexible mount for the
polymer which will function whnen exposed to the high pressures which exist deep
in the ocean and still retain sensitivity when near the surface. So we see,

then, thac che figure of merit 3ij is not the sole criterion, but that other

aspects of the problem must be examined as well.




Anocher approach to the development of high sensicivicty, rugged and relatively

flexible piezoelacsric macerials is 2o combine the large piezoelectric affec:s
found in poled piezocelectric ceramics wish the desired mechanical propercties of
polymers. The main problem in these composices is to effect the combination

in such a way as to exploit the desirable features of both componencs and
thereby maximize the figure of meric. In the last several years, zonsiderable
progress has bDeen made in the development of piezoeleciric ccmposites =zade

with polymers and piezoelectric ceramics. Some of the resulzs and a few

design principles are reviewed in the next sections.

I1. ?Piezoeleczric Composites

1. Connectivicy

Counectivity is a key fa2acure in property development in mulzishnase solids
since physical properties can change by many orders of magnitude devending on zhe
manner in which counsccions are made. Imagine, for instance, an elecaric wire in
which the mecallic conductor and izs polymeric insulation 3re comnectad ia saries
racher than in parallel!

Each phase in a composize zmay fe self-connectaed in zero, one, IwWo, or

cthree dimensions. It is nacural zo confine aczencion to three perpendicular axes

/2

because piezoelectricity and other property cansors are refarrad £O such syscams ‘3.

I1f we limic the discussion ¢o diphasic composites, thers are ten 7ossidle zonneczi-
wigy pattarms as shown in Figure 1. These are designatad as J-Q0, 1-9, 2-3, 23-J, l-1,
2-1, 3«1, 2-2, 3=2, and 3J=3. A 2-l connectivizy patctara, for 2xample, 1as cne

pnase salfi-connectad in two-dimensional lavers, the other salf-conneczad iz sane-
dimensional chains or fisers. The conneczivizry patcterns ars a10¢ zeometTiczally

unique. In the case of a 2-1 pacsawn zhe ZIiters of zhe second phase 2izh

"
4
17

serpendicular o zhe layers of the Iirsc ohasa, as in Tigura 1, 5t nev TMiZhT te

saral.al 39 z4e lavers. 17 1%e nogagion tnaT we will use in IsLlswing sacIiilints tha

Se piazscelaczris niEse Wi.. @ Fivan

(R 1%
(1]
w

sall-conneazivizy =

shase secsnd. Thus 3 -=3 Ismposiia icnsists 3% fl2zlelacITic faranmil Ilters
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embedded in a non-piezoelectric polymer macrix and a 3-1 composite is a solid
piece of pilezoelectric ceramic with parallel holes filled with an inactive
polymer.

2. Piezoelectric ceramic particles dispersed in solymers

Some of the earliest attempts at preparing piezoelectric ceramic/polymer
composites consisted of dispersing piezoelectric ceramic particles in a polymer
matrix (0-3 composites). Flexible 0-3 composites made at Gould were fabricated

.using 5 to 10 um parcicles bound in a polyurethane matrix (6). A similar material

was developed by Harrisom using 120 um particles in a silicone rubber matrix (7).
The longitudinal d values obctained in both cases were comparable to ;iezo-
eleccric PVI"2 but the voltage sensitivities were lower because of the higher
permictivicies in the composites. The difficulty with this type of composite where
the piezoelectric particles are smaller in diameter than the thickness of the
polymer sheec (Figure 2a) is that low permittivity polymer layers separate the
piezoelectric particles, preventing saturation poling after the composice is
formed. Even after some poling has been achieved, :h; interleaved compliant
polymer attenuates the piezoelectric response of the composite.

Composites have been prepared art Honeywell which contain much larger
particles (up to 2.4 mm in diamerer)(7). A material of this type is showm
schematically in Figure 2b. Here the particle size approaches the thickness of
the composite and these materials therefore have at least partial 1-3 comnectivity.
Since the piezoelectric particles extend from electrode to electrode, near sat-
uration poling can be achieved. The large rigid piezoelectric particles can
transmit an applied stress well leading to high & values il d is zeasurad across
the particles. Permittivities in these materials are low compared :5 hcmo=-
geneous PZT, resulting in a relatively high g coefficient. The problem here s

that properties of :the composite are extremely scsition sensizive.




To make an affective composite zTansducer, it can be seer that one cannct

merely aix *wo naterials cogecher - some other consideration is necaessary.

Designing a composite entails a0t only choosing compoment phases with the

vight propercties but also coupling :zhe materials in the optimal =zamner.

e

connectivity of each phase is of major importance since this controls the

electric flux paccara and the mechanical sztress discribdbuction.

The Japanese have been aspecially active in the development of piezo-

alactric ceramic particle~fillaed polymers (3-10). In fact, NIX has

commercialized two such products: 'Piezo-Film' and 'Piezc~-Rubber’', composites

of PZT particles with an unspecified zhermoplastic resin and slascomer

macrix, respectively. These matarials look promising iz a aumber of applicacicms

including audio headphones, mnicrophones and pressure zauges.

Finally, 1z is inceresting :o note che similaricy in stTuccture

between the true Q-3 ceramic/polymer compositcas and 2VF :PV?Z can

be thought of as a composite consisting of piezoeleczric irystals ia

.

an amorphous macrix . . The 0-3 ccmposites nhave ia fact between used

as models for the piezoelectric effact ia 2vE, (il).

2

3. ?Parallel and Series Connections in Compositas

To fllustracte che majc ' modilications in ensempble proverties which

can be affectad aven in simple lizear systams, one-dimensional solutions

are summarized Sor the piezoelectric propersies of hecerogeneous Two-

pnase scrucszuras (12,13).

Consider Zirsc the piazoelacctric cropersies of lamellar Zipnasi
composizas. The lougizudinal piszoelac:iric ztefiicianc Z.. has Seen

Sor a diphasic piazgelactric witlh the conscizuent shasas arvinged in

alzarnaciag layers lormal 9 :he K3 dizraczion

igurs lal. Cesignazi:ng

|
H
i
i




phase 1 with a superscript 1, and phase 2 with superscript 2, phase

. 1 1
1 has volume fraction VvV, piezoelectric coefficient d33 and permiccivicy

1 2.2 2 . . -
€450 and phase 2 has v, d33, and €43 respectively. Solving for

the piezoelectric coefficient of the composite gives:

1.1, 2. 2.2, 1.
.33 %33 Yy )
33 12, . 2.1,
33 33

Using the relation 8,4 = d33/s33 yields the composite piezoelectric

voltage coefficient:

= 11 2.2
833 V833 TV oEa3 )

It is interesting to note that for a series connection even a very
thin low-permittivity layer rapidly lowers the d-coefficient but has

lictle effect on the corresponding g-coefficient.

If the two phases lie in layers oriented perpendicular to the elactrodes
(Figure 3b), again for the one-dimensional case and neglecting transverse

coupling, the composite piezoelectric coefficient is

11 2 2.2 1
: VidyyS33 * Vdygsas
B 6
33 1,2, 2.1 (6)
33 $33
where l333 and 2533 are the elastic compliances for stresses normal

to the electrodes. A similar expression can be written for 83

A composite of interest here is that of an elastically compliant

"

nonpiezoelectric nolymer in parallel with a stiff piezoelactric ceramic. Inthiscase

L >>2d ls << 25 If we assume lv = 2v s 1/2 then d.. 3 ld .
“33 33’ 33 33 - 33 33
{.a. che piezoelectric d-coefficient of the composile is the same aS :je
: : '
ure - . o al T e I T & *5a3
sure pilezoeleccric alome. ID 244 7> 2390 8452 .22 == , and for small

v
- - -
A3 -
v =

volume Zractions Jf =he silezoelec:zTi:z phase 32




the g-coefficient is correspondingiy.amplified. It is zhis case which acgouncs

for the highly successful periormance of the transducer 3gructures described in

later sections. The strucsture also has considerable hydrostacic semnsizivity.

4., Hydrostatic Sensizivity

A problem arises when one atctempts %o use solid PZT as a hydrostatic
sensor hecause 433 is aporoximately aqual zo -ZdJL’ resulcing in a
low piezoelectric respouse to hydrosctatic pressure change. Since sizeable
353 coefficients can Se abtained for composites with parallel comneczion,
ic is inceresting to inquire into the hydroscatic semsitivity of chis
type of comnectivicy. ‘

To evaluate the affective hydrostacic semsitivicy for parallel
conpaection, it is aecessary to evaluate the transverse piezoelec:ric
coafficient 351 since ?3 = -9(353 - 2331) where p is the applied hydroscacic

pressure. Since the piezoelectric rods are approximacely connmeccted inseries in

the lateral directioms it can be shown cthat 351 3 J'vlcl:{l « 3.3y

This leads to a aydrostacic piezoeleczric coefficienc :

3l

11, 2 22 1
vid s + “v°4 s
-_= - 13 333 33 Sa 11 22
. 2 -3 - . ,
n% 433 T My 1, Gt " 20w gt g) )
3337 ¥ 833

Suppose ot che composite we choose aqual volumes of ; iezoelaczric

-

. . 7 .
72T (phase 1) arnd a compliant elastomer (phase 2) such thac lv 2 Ty oa g,

- 2 1 1
4 ;-7 -
$33* 233 ¥ 353 and day =2 74

) )

k! i33.

-, AR -
and 433 3 73 3i7ing 3,
This s a :ccnsideradls :improvemenc over singlz shase serisrzan
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Since the hydrophones used under hydrostatic zonditions are normally

voltage generators, the further favorable enhancement of the voltage

coefficient ES can also be exploited: E% - 3%/533. Lowering the permictctivicy

533 increases the sensitivity to small pressure changes by raisiag Eg.

5. Plezoelectric Composites with l-3 Connectivicy

Considering the parallel connectivity described previously, the ideal
three dimensional case is one of PZT rods embedded in a conginuous
polymer phase, that is, 1-3 conneccibi:y. According to equal
strain composite theory, 353 should not be a function of the volume
fraction of PZT in the composite. This assumes an idealized situation
in which the polymer phase is far more compliant than PZT, causing
all che stress on the polymer to be transferred to the PZT rods. That
is, as the ;olume fraction PZT decreases, the stress on the rods increases
proportionally, so thar the charge per unit area of the composice is

constant. For pressure sensors, it is not necessary that d33 be large

in order to enhance the dh coefficienc of che composite. I£, as the

volume fraction of PZT is decreased.{i}lldecreases more rapidly than

533. then E£ will be increased. Likewise, if 233 decreases more rapidly

than E£, as the volume fraction PZT decreases, then E% will be enhanced.
Klicker, et. al. (14) prepared l-3 composites consisting of PIT rods

aligned parallel to the poling axis and embedded iz a matrix of epoxy

or polyurethane (Figure 4 ). The rods were in contact with the surface

alectrodes and this allowed Zor gzood poling of the ceramic. The si:z

of the rods and cthe total amount of 22T in the compositas can 2e easily

amanipulated with this design. Figures 3 and % illustrate the pilezselactiril
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propercias obtainable from 1-3 92T/ 2poxy compositaes. Tigure 5 shows

cthat for P27 volume Zraczions dowm o 40X, the 13 soeffiizients are

comparabla to the d33 of solid P?2T, about 4300 2C/N. 3elow 40Z 227, :zhe

ds3

the value for pure PZT. TFigure 5 shows che dependeace of 333 on 22T volume

values decrease but even act 10Z are still greater than one hall

fraction Zor composites of 4mm thickness. As anticipated, all the
compositas have larger 833 coefficients cthan pure PZT and 253 is greatly
affected by volume fraccion. YNote that a composite wizh 2.5% P2ZT has

a piezoelectric voltage coefficientc some nine zimes that of pure 27T,
The epoxy/PZT composites alsc have substantial hydrostacic piazcelectTic
coefficients and quite large hydrostatic volcage coefficients. The <densicy
of the composite can be adiusted between rthe densicy of P27 (7.9 gm/cce)
and chac of the epoxy (about Ll gm/ce). Iz is important o a10ce cthat

che greatest values of Zﬁ. ;%, and 333 are all Zfound iz the composices

with low volume fractions of ?ZT. Therefore the desired properziss

of low dengity and large piezoelsciric coefiicients are obtaiaed with

the same composites.

1-3 composites preparaed wizh PZT and ocher polymer glasses (poiystvrene
and poly(mechyl mechacrylace) (PMMA)) and several semi-crystalline polymers
(e.g. aylon ll, poly(butylene cerephthalata) and diffarent Hycrels)
have piezoelactric properties which are quite similar to the apoxy

S

compositas (15,.8). 1Ia addizion, Zoamed polvuracthane, P27 =mposizas ‘ave xcapticnal

JiezoelectTic properties Jutare very prassure dependent Iue o :vllapse
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of the void structure as pressure is increased(l7). The hydrostatic piezoelectric
properties of several 1-3 composites are listed in Table 2 .
Somewhat different l-3 composites were prepared dy Safari, ec, al
( 18). Recall cthat early work on PZT-polymer composites undercaken
by Harrison and co-workers (7) utilized zocarse granules of sintered PZT
racher than PZT rods. A schematic drawing of this PZT-loaded silicome

rubber film is shown in Figure 2b. The piezoelectric properties were

optimized by adjusting the size of the granules and the volume fractionm
of PZT. Typical values were given in Table 2.

PZT granules of irregular shape assume a variety of orientacions
with respect to the parallel surface of the composize and thus grinding
does not expose every granule to the electroded surface. For poling
of the PZT elements to occur, these elements must be in electrical
contact with both electroded surfaces. Therefore, composices fabricaced
from irregular granules are not particularly efficienc. The inactive
PZT £fragments not only detract from the piezoelectric response of
the composice but also increase the density and decrease the flexibility
unnecessarily.

The Safari, et. al. composites were fabricated using PZT spheres
instead of irregular granules. Spheres ctfer several potential advantages
over irregularly shaped particles. Composites are easily fabrica:ed
by pouring the spheres into a pan to form a monolaver., and then coveriag

them with the poiymer phase. A lignt sanding exposes the PZT, allowing




contact to hYoth alactrodes. The dieleczric constant of these composites

vere 300 £ 400 and T, was 45 o 35 x 1077 7m/N. The 2izh frequency
propertias of these compositas were neasured in boch the thickness
and radial mnode of resonanca. The {requency constants and coupliag
coefficients of the composites for the thickness mode of resonance
are comparabla wizh the valuas Zor ?2T. Possible applicacions of che

compositas as bdand-pnass filcters have been developed.

6. Piazoelectric Composizes with 3-3 Connectivicy

In a 3=3 composite each of the constituent phases is continuously
seli-connected ian three dimensions to give two interlocking skelecons
in {ncimace contact with one anocher. This type of scructure is exhibiczad
by certain polymer Zoams, by some phase-separacad mecals and glasses,
by three-dimensional ueaves, and by aatural substances such as wood
and coral. The piezoelectric properties of 3-3 compositas
have bheen investigated with some racher remarkable results. Tor cerzain
coefficients, dramatic improvements can be made over the bHest single-
phase piazoelectrics.

Piezoelectric ceramic-polymer compositas with 3-3 conmneccivicy
were first nade by Skinmer, ac al.(1l3) usiag a lLost-wax zechod with coral
as a3 starting macerial. JAmong the advancages of these composiczes are
hizh hydroscacic sensitivicy, low dielacctric constanc, Low densicy
for ipproved acoustic izpedance matching wich wacer, high compliance
%9 provide damping, and the zmechanical Zlaxibilizv zeeded :0 Zevel:oo

conformable :ransducers. Saroug, 2¢ al. {1%2) have develicped a sizplar method

.

€or Zfabricacing a zhrse-dimensicnallyv lncerssnnectad
227 70imer :ismposiz2 wiilk prIpertias similar o the
2oral-%asad :cmpesizas. The simplifiad presaracisn zechcd LavILves

Alxing ML soneres ane 22T zowdar in oan orzanic sinder.  When zavelulle
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sinctered, a porous PZT skeleton is formed, and later back-filled with

polymer to form a 3-3 composite. This technique is commonly referred

to as the BURPS process, an acronym for burned-out plastic spheres.

Since che process involves the generation and emission of gaseous hydrocarbonms,
the name BURPS is highly appropriate. The composites prepared by Shrout , er al.
contained a PZT/polymer volume racio of 30/70.

More recently, the electromechanical properties of 3-3 composites
having a wide range of PZT/polymer ratios were measured (20), and compared
to the results with other piezoelectric macerials, including some earlier
Japanese work on similar composites (21,22). Dielectric and piezoelectric
properties were measured on samples ranging from 30 to 70 volume 7
PZT, and compared with a rectangular skeleton model for 3-3 composites.
Composites containing 50%  PZT-50% silicone rubber appear especially
useful for hydrophone applications with 3;5% products a hundred times

larger than PZT.

7. Perforated PZT/Polvmer Composites

Composites of PZT and polymer with 3-1 and 3-2 connecrivity patterns
have been fabricated by drilling holes in sintered PZT blocks and filling
the holes with epoxy (23). The influence of hole size and volume fraction
P2T on the hydrostatic properties of the composite was evaluated. 3y
decoupling the piezoelectric d33 and d3l coefficients in the composite,
the hydrostatic coefficients are greatly enhanced. {n samples optimized
for hydrophone performance, the dielectric constants of 3-1 and 3-2
composites are 500 and 300 respectively. For two typical composi:zes,

the piezoeleccric coefficients EH"EH’ and }hﬁh for 3-1 composi:tes

- - - - 7 -}
are 230 (pc¥~ 1y, 362072 van"ly, and 7800 (107%° 2*W"!) respeccivelv,
and che correspondiag values Zor 3-2 composites are 372 (pCN-l), L2
(2073 van™ly, and 43000 (107 2Py

T i il iz ik € ama




Thase composites are extremely rugged and show no pressure dnp?ndence.
Similar compositas can be prepared by axtruding the ceramic racher
than drilling.(24). Composites with 3-1 conneczivicy were fabricated by
impregnating an extruded, sintered honeycomdb configuration of ?ZT wiczh
epoxy. The composites had lower density and lower dielectric conscant

than that of solid PZT. The maximum piezoelactric 435

of the composites was 350 »C/N, and the aaximum ah 7as

coefiicient

220 pC/N. ih and &a;% of the composites were an order of magnicude

higher than that of solid PZT.

SUMMARY AND CONCLUSION

Composite piezoeleczric alements form an iatarescting family of
daterials which highlight che major advantages composize structuras
afford in improving coupled properties in solids for transducciom applications.
By careful consideration of the crysctal symmecry, macTosymmetry, and
possible wmodes of phase incercommection (connectivity) wihich san Se

realized by modern processing tachnologiaes, it is possible 25 design

New composite Iransducers with property combinations Zailorad for speciiic
device requirements.
We believe that the composice matarials offer a new versacilizy
in propercy combinaticns, and it will Se most inceresczing o Jbserve
how this is caken up and exploizad in subsequant generacions of piazcelaciri:

devices.
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Tablae

l

Proverzies of Plezoelectric Materials

| i Property
f PliezoelectTic 3 Relative Elascic | Plezoeleccric }.iezoelec::i: 7slzage
i Material | Permictivicy Compliance Coefficient ; Coefficient
| e e Suu P33 T e R SR L- I
: 1 3 2.~l ' 2.-1 | pCN = lpCN tx10 “vaN - x10 vaN
| - pald |em¥ | | |
i 1] -
| = Quartd | ’ !
. Single 4.5 4.6 12.8 | 9.5 23¢4) ! 157.0(8,,)
. Crystal i | - ' ==
H l ‘ i
3aT1i0 ; 1 n i
. Singld 12920 | 168 | 8.05 | 15.7 | -34.5 | 85.6 [-23.0 578
- Crystal i !
. 3aTi0 i |
. sa i
, Caramic £ 1620 1900 | 8.55 8.93 | =79.0 | 191.0 i=4.7 Co1lL4
| B 5203l | |
. Caramic ' 1180 730 | 13.8 17.1 | =93.5 [ 223.0 |=14.5 | 34.3
; |
?VF, | 15 330 17.9 to| =20 %o 95 | =140
° t f 37 -30 :




Table 2

Hydrostatic Mode Materials

PZT

PbNb206 (ceramic)

PVFZ

0-3 P27/
silicone rubber

1-3 P2T/epoxy

1-3 PZT/foamed
polyurethane

3=3 PZT/silicone
ribber

3=2 PZ1/epoxy

Dielectric | g d
Coustant % _3h -lggg
(K33) (pC/N) 10 “Vm/N 10 ""m /N
1600 50 4 200
225 65 35 2300
12 11 100 1100
Selected Composites
100 28 32 900
70 30 50 1500
75 85 135 | 10000
450 180 45 i 8100
i
410 200 55 ! 11000

i
i
|
!
!

[OOSR



Figure Capcicns

Fig. 1 Tan comnectivicy pacterns Zor a diphasic solid. EZach phase has zero-,
one~, T@o=-or three-dimensicnal counnectivizy to itseli. Ia the 2-1
composics, for instanca, the shaded phase is three~-dimensionally
connected and the unshaded phase i{s one-dimensionally connected.
Arzows are used to indicate the connected directions. Two views of
the 3=3 and 3-2 pattarns are given because the wo interpenecratin
petworks are difficult to visualize on paper. The views are relatead
by 90° counterclockwise rocation abour Z.

13, 2 Two :ypes of piezoelactric ceramic/rolymer ccmposizes: (a) reprasents small
piezoelecrcric particles suspended in 3 polymer film: (5) represeancs
bound piazcelectric particles of a size comparable o zhe thickness of
the polymer sheec.

Fig. 3 The series (a) and parallel (b) models used 1a astimating the piezo-
alectric effects of diphasic solids.

Fig. 4 TFabrication of 1-3 composices with 227 zods and an epoxy.

Fig. 5 333 vs volume % ?2ZT for l-3 22T/epoxy composizes.

as a funcetion of volume I PIT for l-3 PZT7/epoxy composites.
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. Introduction and 3ackgrsund
By careful cnoice of design, multiphase materials may -e croduced which 2ossess
uitimate properties which are supsrior %o the sum of ‘hose of the individual

components.\l) With this idea in mind, novel niezoelectiric :iransducers have

heen produced and testad for applications such as hydropnones and megical
uitrasound.'?) Qne of the most successful designs o date consists of slender,
extruded fibers of lead zirconate titanate (PZT) aligned normal g two eleciroded

3,%,5)

surfaces and surrounded by a3 palymer matrix These compasitas are

referred o as 1.3 composites in the nomenciature adoptad Hy Newnham,at al. :6;,
where the numbers refer to the total orthogonal directions [in an arthogonal axis
systam) in which each phase i3 seif-connected. Since the PZ7T rods are zontinucus
from one e{ectrode surface o the cther, saturation poling can Se accomolisned;
thersby ensuring the maximum piezoelectiric sensitivity.

The hydrostatic piezoelectric responsa can 2e Jefined Dy ‘the nsiezoeiectric

strain (dh) and voltage (g ) coefficients. d_ is a measure of lne

h
pafarization produced as a result of applying a hydrostatic stress and s given 2y:

-~~~
'
~

dy * ¢35 T 2y

where the subscripls refer o directions in an orthogonal axis system according %o
the common reduced notation. The J-girection (s defined 33 the dirsciion paraflel 3
the PZT fiber axis. Charge which develops cn the 2{ectrode surface as a resuit af

stresses parailel and perpendicular to the poling axis is governed 2y 4., anc

s

d31’ respectively, The voitage coefficient is related o :1,_‘ v
d’1
Nl S 2}
*n 3370

where ’»<33 i3 the Ziejectric canstant in he 2Joling Zirecsicn ang s 4 S e

.




permittivity of free space. Since, for PZT, d.” i3 opposite in sign to and

slightly twice the value of d v and K is large, both dh and 9

3 33

are relatively low.

For piezoelectric 1-3 composites a simple parallel-series model developed by

)

Skinner, st al.'’’ predicts that the ds3 '(d-n) of a composite

containing a very compliant matrix is equal to the d33 of PZT. The composite
d3l (dBl) is given by:

11 (3

where v i3 the voiume fraction and the superscript 1 refers to the PZT phase. The

composite hydrostatic piezcelectric coefficient: (dh) can then be expressed as:

E.h-a + “v'd (4)

Also, the composite voltage coefficient, which is important for hydrophones, is given

by:

h (3)

Therefore, the simple madel predicts large increases in ah and ah over PZT
as the amount of PZT in the composite is decreased.

However, recent experimental work (4,5,8) has shown that the quantitative
predictions of the Skinner, et al. scheme are not realized if flexible electrodes are
used for 1-3 composites. Several axplanations have hbeen propased to account faor

these discrepancies. These include: the effective matrix region of influence

4
‘3), internal stresses arising from differences in the Poisson's strain between

¢ ’
the ceramic and polymer ‘9), and relic processing stresses ‘5). In the




case of glassy thermopiastic polymer matrices, annealing the compaosiles at
temperatures near the glass transition lemperature (Tg) of the matrix was found
to improve their piezoeleciric response G ). This is presumably due to reijef

of some of the residual processing stresses.

All 1.3 composites studied o0 date nave used amorphous Jolymers 3as the matlrix
phase, Semi-crystalline polymer matrices have never Seen employed in these types of
piezoelectric composites. Low Tg’ semi-crystalline polymers such as
palysthylene and the Hytre{ poly(ester/ether) block copolymers have mechanical
properties which ars intermediats between glassy and elastomeric materials, Also, it
is possible to conveniently alter the degree of crystallinity of these materials by
thermal annealing at temperatures approaching the melting paint or, in the case of
the Hytreis, by varying the crystallizable-segment content. This allows one 2
investigate the effect of matrix compliance on compaosite performance. This gfaper
reports some af cur initial studies on 1.3 PZT/semi-crystailine palymer zcomposites.
[I. Experimental

A, Composite Fabrication

The PZT rods used in this study were preparsd by a2 technique described
previgusly O). All compoesites contained ~ods which were 12-mil (305 ym) in
diameter and wére arepared from RPZT S0lA powder (cbtained from Ultrasonic Sowders,
Inc.). The sintered PZT fibers were aligned in racks which consisted of lwo parallel
plates of aluminum foil sesparated by ~2 ¢m. Each plate had an array of perforaticns
through which the rods were inserted so as to be held in place during ooclymer

processing.This was done t3 insure the proper volume fraction (4%) of 2Z7T for all

composites.

(a) PZ2T/Poiv(butylene terohthalate) Comoosites

Poly(butylene 'sreghthalats) (PST) i3 a semi-crystalline colymer with a mejting
paint (T_3 af-, 220%C and & Tg' 170%2.  Therefare, 28T is a glassy

semi-crystailine materiai and sossesses mechanical properties cnaraclaristic Sf nigic
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polymers (e.g. Young's modulus (E) IlOgN/mz). PBT is polymerized by
condensation methods and has a relatively low molecular weight (ca. 20,000-30,300
gm/male). [ts melt viscosity is therefore aiso comparatively low, making small scale
melt compasite processing feasible without the use of high pressures,

PZT/PBT composites were prepared by placing filled racks of PZT rods and dried
PBT pellets (abtained from Scientific Polymer Products, Inc.) into glass molds which
were then purged with nitrogen and immersed in a 250°C oil bath until the
pellets melted and no voids were present in the melt. The system was allowed to cool

to room temperature over a 5 hour period.

(b) PZT/Nylon 11 Compasites

Liks PBT, nylon 11 is a glassy, semi-crystalline polymer Tz
185%¢,T < 45°%C, £ Z10°N/m?) ;

vgT r & o~ and has a relatively low melt
viscasity., However, in order to aveid the problem of polymer degradation at high
temperatures, we decided to prepare these comoposites by insitu polymerization of the
monomer.

Racks of PZT in giass molds were surrounded by ll-aminoundecancic acid (Tm:'
198°C) and the molds (under a continuous nitrogen purge) wers placed in a
220°C silicone il bath, Water vapor which formed during the polymerization was
forced through an exit tube by the gas pressure. The polymerization was terminated

by cooling for aone hour after water formation ceased.

{(¢) PZT/Hytrel Composites

The Mytrels (E. I. duPont de Nemours and Ca., Inc.) are a series of
thermoplastic elastomers composed of polyester "hard” segments which are
crystallizable and non-crystallizable, [ow Tg polyether "soft" segments. By
varying the concentration of polyester units, the degree of crystallinity and, hence,

the modulus of the resuitant copolymer can be adjusted. Some characteristics of the
l(lO)

three Hytrels used in this study are shown in Table

Note that afl the
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HMytrels have maduli which are significantly ower than 3ath 2287 and nylon ll.
Compaosites were prepared in the same manner 3s the PZ7 /P37 matarials except ltat

|
| the oil bath was heated to 22997 and cooling 9 room tamperaturs was done over a

48 hour period.

After solid compaosites were ‘abricatad, he moics were Sroken and the ccmpcesites
wers sectioned perpendicular to the rod axis using an elegtric diamond saw 3r a
hacksaw. The as-cut slugs were then sanded with &0 grit garnmet paper followed Sy
palishing using 200 grit garnet papar. All composites were imm thick in the fiber
direction.

Air-dry silver electrodes were applied ta the two faces perpendicular o the

rods and the compgsites wers solad at 75°: in an ail bath with a field aof

22kV/em far 5 min. Aftar the compositas were remavad “ram the 33th, they werz
allowed to cool in air under a field aof 7.5 «V/em far 10 minutes io prevent Zecsiirg
during cooling. The poled compositzs were aged for at [east 24 nours pricr 2

piezoelectric and dielectric measurements.

3. Measurement of Dieiectric and Siezcelectric Propecties

Qielsctric measursments wer= serfarmed with a3 Hewlet! Sackard 427CA Autamatie
Capacitance 3ridge at lkHz and . valt, 333 was measured using a Zeriincourt
Piezo d-H-Meter with rounded rains. The ratio of ine diametar of the rams '3 :ne
center-to-centar distance of the 2ZT rods was 3.74, The d;.), was taken as ine
average of 29 random measurements (10 ¢n eacn electroded surface of :Re 2omcosite) at
a ram oressure= of approximataly 55 2si. The nhydrostatic pgiezoeiectiric coefficients
,fa.n and 5‘.-1) were Mmeasured by 3 Jynamic oY metnod. Tne 3po0aratus

cansistad 3f an ail-filled chamecer in wnich :he samoies and 3 2727 stancar? of <nown

3, 3anc 3, ~ere mmersec. The 3rassur2 ~size :te vessal was raisec 2 .IC

e




psi and alternating sinusoidal pressure cycles {amplitude - 0.1 psi) were imposed
using an AC stress generator driven by a function generator adjusted to the proper
frequency. The sample (or standard) voltage was recorded on an oscillcscope display.

III. Results and Discussion

Comparison of compasite dielectric and piezoelectric properties with
conventional single phase materials can be found in Table 2. As expected, the
composite dielectric constants are low compared to that of PZT but, except for the
PZT/Hytrel 3056 composite, 1233 values are greater than that predicted by the

rule of mixtures (theoretical »233 = 64). Since applied compressive stress is
T 12

known to increase the dielectric constant of PZ , radial compression

between the rods and the matrix may be responsible for these resuits <5),
Radial stresses may have originated from thermal expansion mismatches, mechanical
processing conditions, or polymer crystallization shrinkage.

For a more compliant polymer, stress transfer from the matrix to the PZT rods
should be more efficient than for a stiffer matrix. Thus, 533 would be expected
to increase as matrix compliance increases and this is seen to be the general trend
for the polymers examined in this study with the PZT/Hytrel 4056 and PZT/Hytrel 1000
composites exhibiting 533'3 which are larger than some of the higher modulus
composites.

A somewhat surprising resylt is that dh increases as poalymer modulus
increases. Since t.‘l-33 increases as the matrix stiffness decreases, Id-n; must
increase accordingly. In general, as the compliance of a polymer increases, its
Poisson’s ratio (v) increases and the enhancement of}c;ni is thought to arise
from stresses due to differences in Poisson's contraction between the phases
<9). Althaugh one cannot alter the characteristic modulus and v independently
in solid palymers, ane can lower bath simultaneously thraugh matrix foaming. Such

compliant, foamed composites would be expected to have oautstanding hydrostatic

figures of merit. This has, in fact, been shgwn to be the case by Klicker, et al.
13

for PZT/foamed polyursthane composites
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The hydrostatic piezoelectric coefficiants fd._r‘ ‘or the P8T, nylen .1 and

Hytrel 995 compasitas are smaller than those of PZT out similar to those coserved

( -—
(5,11) .4, for the Hytrel

praviously for l-J composites with rigid matrices
4056 and 1000 composites ar= comparable o that af PVCF but consideracly smailer than
the other compasites presumably due to Poissgn’s ratio stresses, The voitage
cosfficients of all composites are greater than that aof PZT Zecause the

permittivities of the compasites are much !ower than the values for PZT alone.

9 for the composites with relatively stiff matrices (PST, nylon 11 and Hytref

995) ars about an order of magnitude larger han 2Z7 but, Decauses af their ow

dh' the Hytrel 4056 and 1000 compositas exhibit significantly lower values.
This resuits in g-hcg for the composites with stiff matrices being abaut
five times larger than that of PZT and comparable ta that of PVCF while the ﬁgures
of merit of the more compliant matrix composites are somewhat less than 2Z7.
imally, nc frsgquency dependence of ;h was abserved for any composite ‘rom 30 .J
to 160 Mz (Figure 1),
[V. Conclusions

The piezoelectric figures aof merit for composites with stiff polymer matrices
are about five times larger than PZT and comparable to ”VCF. The primary reason for
the enhancement of d.hg.h over PZT is that the composites have much lawer
'»233 values than PZT. An unexpec.ed result was ‘he decrease in ;h
modulus decreasad. Since ;33 was found !0 increass as the matrix moduius
decreases, !.5315. must De _’mcreasing as the polymer stiffness decraases. The

as matrix

i

! ' , . . .
enhanced component af dH oresymadly resyts from differences in gisson's
cantraction between the phases and ultimately results in re dtiveiy low figures of
merit for composites with compliant polymer matrices,
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Table 1. ?Properties

of Hytral CZospolymers (10)

Wwe. 3 rn rg Densizy Mogulusz

Hycrel Polvescer segments (*Q) G} (gm/ec) ((0° N/ah)
4056 ~30 150 -30 1.7 0.3
1000 49 186 -85 1.19 l.48
993 31 218 -5 l.23 4.00
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Figure 1. dh of composites as a
a. PZT/Nyloan 11
b. ?Z7/Bytrel 39S
e.  PZL/P3T
d. ?ZT/9yrrel 1000
2. 2Z27/dyzrel 4056
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L Introduction

7y
-

Piezoelectric camposites have Seen the cantar of much recent stuagy
Decause of :heir possibie advantages aJver single phase piezgelectrics .3,
paly(vinylidene fluorice)(PVOF) and lead zirconate-titanate PZT)) far hycrochone

applications. The phase connectivily 2)

i$ 3 particulariy important parametar

which uitimateiy determines the properties of a compesite solid. For piezoelectric
compasites made fram P27 and polymers designs wnhich allow the cesramic o de poled o
saturation oroduce relatively large piezaelectric coefficients even for low PZT
cancentrations.

G congisted aof slender =ZT rocs

Cne such matif studied by Klicker at al.
aligned perpendicuiar o the electrode surface and surrounded Dy a thermosetting
polymer (epoxy). Thess diphasic materials are designated l1-3 composites in the

aotation adopted 5y Newnham, et al. (2)

The numbers refer tg the %otal
arthoganal directions in which each phase is continuous throughout the abjec:. [n
this case the active phase (PZT) extends continucusly in one direction, wnile the
polymer matrix spans the camgpasite in all three orthogonal directions. Kiicker et
al.'s PZT/apoxy compasitas have hydrostatic "figures of merit" aoout an arder of
mMmagnitude .arger than homogenecus PZT.Q) [n addition, these materials have .ow
densities (o <"..83/c:nl,, which provide for better acoustic coupling to water than 277
(2= 7.8 3/:m3 ), and are flaxible relative ta PZT ceramics.

Even though the major improvements in properties far these composites aver PZ7T
ceramics can be 'raced !o the polymeric phase, few poiymer systems have Seen studieg
as possible matrix materials. Furthermore, anly thermosetting oolymers (e.3.,
epoxies and poiyurethanes) nave Seen amoiodyed previausly in -3 composites. Zecause
*he mechanical and physical properties af solymers zam vary wideiy, and Secause
theory (4) suggests :hat matrix mechanical srcperties should’ strongly affec:
somposite Jiezcelectric ~esponse, we nNave ‘abricatad comocsitas with a varietv of
thermaplast.c zolymers. This sacer cescrifes aur .miiial studies an zolvstvrene

PSI/PZT and zaivimethyl Tethacryviata) SMMA/SIT 1.3 semoositas.




[I.. Backgraund-Theorv

Piszoeiectric materials experience a polarization P} due %o an applied
stress (z). The piezoelectric coefficient ‘d) i3 a measure of the polarization
produced per unit stress, Under hydrostatic conditions, the piezcelectric
coefficient is given by:

dh = d33 oZd.),l Q)
where the subscripts are the reduced ngtation for designatad directions in an
coefficients rafer &
5, <o icients refer %2
polarizations which deveicp along the peling axis li.a., the 3 direction) due :3

orthogonal axis system. The d.’3 and d

applied stresses parallel and transverse to the poling directian, respectively. “ar

=ZT, i3 cpposite in sign to and approximately one-haif of 4

therefore, dh is small. The hydrestatic voltage coefficient -fgh) is

related to dh by:

2)
where ‘.'33 is the dielectric permittivity., Since dh is low and the
permittivity is high for PZT, the voltage coefficient, which i3 important for
hydrophone applications, is very ‘low. For a hydrostatic transducer matarial the
dhgh product is considered to Se an all-encompassing "figure af merit”,

A simple theory o describe the piezoelectiric csefficients of composites with

1.3 connectivity has been described by Skinner, ot ai. @) The thegretical
piezoelectric and dielectric coefficients are given by:
1 2 2 L
L] ] Fa : .J
Yptan, T T 433 Y
I = 33 3)
33 Ll e,k )
v Ya3 %33
T . =1 202 ‘a)
B3p07 T Tay =T ey
5)
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where v and J are the volume fraction and elastic compliance, respectively. The
superscripts refer to phase 1 (PZT) or phase 2 polymer), and the bar represents the
average composite cgefficient.

Egquations 3 through 5 can be reduced Dy considering :hat most polymers are

non-piezoeiectric (1'-.e.2c133=zd31 = (), and possess reiatively law dielectric
permittivities (lsn» 2533 ). Therefore, equations 3-5 become:
1 1
1.4 7y
33 lv 2; - 0t 6)
3137 07 3
- 11 n
17 v dy

(8)

-

Since most polymers are much more compliant than RPZT \’i.e.,2333>>‘133 )y 2quation 6

further reduces to:

- 1
433 7 33 ,
9
[n this case, all of the force in the fiber direction is barne Dy the csramic rod
elements, However, ifly <<2v , this approximation to equation & is invalid.

8y combining =2quations 1,5, and 7, the hydrostatic piezoelectric coefficient is

cbtained:
L1 2,
- L0933 <3 - ol
a l 2 2 l - 33
voJ +* Tyl <
33 7 <33 (10)

= , - . . .1 . .

Figure 1 shows how d._lghvanes as a function af”v accarding o equations 2.3 and
10 for several values af matrix compliance. For [ow concentrations af 227,45, 3.8
predictad ta vary significantly as the matrix compliance changes.

Severa] modifications g Skinner, 2t. 3l.'s modei nave ZSeen suggestad

4 2\ [V} - ) . . X
3:8), iicker 5) ~as smown nat 33 's Nt ~ecsssarily 2quai g e I

(98]
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of PZT, but is a function of P2T rod diameter and volume fraction, compcsite
thickness, and. matrix compliance. Additionaily, the internal forces arising from a
difference in constriction bet'ween the phases *hrgugn Pcisson’s ratio produce an

- 14
snhancement of |d__,uver that predicted by eguations 4 or 7‘5). Thesge

3
considerations lead to the conclusion that Zh sredictions tased on the Skinner et al.

approach are overestimates for 1-3 PZT/polymer composites.
Another important internal stress is that which is due to a mismatch in thermal

expansion {(or contraction) between the constituent phases (7’81.

Polymers have
coefficients of thermal axpansion which are at least an order of magnitude !arger
than PZT ceramics. Therefore, large éompressive stresses can develop at the
interface of the resin and the PZT rods. These stresses may alter the piezgelectri
and dielectric response of compgsite piezoelectrics. Furthermore, stresses rejatsd
to curing or polymerization may also be of consequence.
Ml. Experimentai

The preparation of the 2ZT rods used in this study has deen ZJescribed eisewhere
O). All rods were 12-mil (30Sum) in diameter and were orepared from 227
SQ1A (Ultrasonic Sowders, Inc. South Plainfieid, NJ). Thne sintered rods were
aligned in racks which consisted of lwo parallel plates of aiuminum fgil separated 3y

“2cm. £ach piats had an array of perfarations ihrough which the rocs w~ere nserted 3

be held in place during pclymerization of the matrix in order o [nsure the Jrspger

volume fraction (4%) of PZT for all ccmposites.

In-situ polymerization of liquid monomers was he most Zonvenient mMethod 2
prepare compasites Secause af he fragile nature of the PIZT rzcs. The liguid
monomers styrsne and methyl methacrvlate) were purified v vacuum :istiliatian zrisr

- -

o use. Palymerizatian was initiatad by 1.5 weignt sercent cenzsv: cersxile.

Sregolymer 3yrups [Sciymer N Monomer; were crepared 3v “eating t-e Tcndmer-rutiatsr
9 . . .

systems at 30°C for 15 minutas and iten zcoiing the Tixture T otzem

lemperature. 3y using 3 Jrepolymer, he resulling Iomoositas were ‘iunc o e

agsantiajly vo1g ‘ree,




Composites were then fabricated by placing filled racks of PZT rods inta glass
molds and pouring a given prepolymer into the mold until the ~ods were submerged in
the liquid and caovered over QJy ~1lcm. The molids were then slaced in an aven
maintained at 56°C until the polymer solidified. Additional heating o
90°C for one hour completed the polymerizaticns., After the molds were removed
from the gven and allowed o coal, the glass mold was broken and the compositss were
sectioned perpendicular o the rod axis using an electric diamond saw or a hacksaw.
The as-cut slugs were then sanded with 60 grit garnet paper fcliowed by polisming
using 200 grit garnet paper. Al composites were 4mm thick in the fiber direction.

The glass transition temperatures (Tg) of the matrices were determined with a

Perkin Zlmer JSC 2 aquipped with a Thermal Analysis Cata Station. The 'rg of
baoth the PS and PMMA was found to be approximatsly 100°z.

Air-dry silver electrodes were applied to the 'wo faces perpendicular o the
rods and the compositas were poled at 75°C in an oil bath with a field of
22xV/em for 5 min. After the composites were removed from the 2ath, they wers
allowed to cool in air under a field of 7.5 kV/em for 10 minutes o prevent de-poling
during cooling, The poled compaosites were aged for at least 24 hours prior to
niezoelectric and dielectric megsurements.

Dielectric measurements were performed with a Hewlett Packard 4270A Automatic

Zapacitance 3ridge at lkMz and L voit, 4,.was measured using a Serlincourt iezn

33
d”.Meter with rounded rams. The ratio of the diametar of the rams ta the
center-to-ceanter distance af the PZT rods was 0.74, The ;33 was taken as the
average of 20 random measurements (10 on each electroded surface of the campasite) at
a tam pressure af aoproximately 55 psi. The hydrostatic piezoelectric coefficients

;._' and ;H" were measured 3y a dynamic &2 method. The apparatus

consisted of an qgil-filled champber in which the sampies and 3 2ZT standard af <naown
d,_‘ aﬁd'g,1 were mmersed. The aoressure inside *he vessel was "aised ‘o ‘.SO'

osi anc aiternating sinuscical sressure zvcles amplitude 2 2.1 2si) were .mcased

using an A 3eUess jenerst3r Iriven Jv 3 ‘unclion generatar agjustag 13 the srooer




frequency. The sample (or standard) voitage was recorded on an oscilloscope display.

After the composites were tested, they were annealed at 95°C for 15 hours
under vacuum followed 5y slow cooling to room temperature. The annealed composites
wars repaled in arder to ensure saturation poling of the PZT rods and then retested

3s described above.
IV. Resuits and Oiscussion

The dielectric and piezoelactric properties of the PZT/PS and PZT/PMMA
compositas are summarized in Table .. As expected, :he compagsits dielectric

canstants( ’.<33) were considerably less than that of RPZT (KBJZLSOO). The value of 17(33
oredicted by the simple parallel model for a 4% ©ZT/polymer, 1.3 compaosite is §4.

The PZT/PS composites approached the theorstical value; however, the PZT/FMMA
materials far exceseded the prédiction. Cne passible explanation for this discrepancy
may invalve cracking or crazing of the PS matrix. Examination of unannealed PZT/PS
composites under a light microscope- revealed crazes (or cracks) emanating radially

away from each rod into the PS martrix at the electrode surface. No such cracks wers
observed in PZT/PMMA samples. Since applie'd compressive stress i8S <xnown o increase

the dielectric constant of PZT (10)

one would e:q:)et:tifz33 of the PZT/PS
composites to te less than Fd 33 of the PZT/PMMA materials if the cracks acted to
relieve interfacial compressive stresses.

The presence af intarnal stresses in these compasites is further supported Dy
the decr=ase in the dielectric constant aftaer they were annealed. [f the anrealing
process acts o relieve some radial compression tetween the rods and the matrix, then

the dielectric constant ‘would be expected to 2e lower than the X 33 defore

annealing. Presumably, the radial stresses resuited from thermal a2xcansicn

mismatches, mechanical processing {(cutting and polishing), or polymerizaticn
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shrinkage.

The simple Skinner, et al. model predicts that :he 333 for composites with
matrices of the same stiffness should Se the same. Since PS and PMMA have rougniy
the same elastic modulus ?*3"10931/‘112) it is not surprising that 533 is similar
for both composite materials. However, the predic:edin values are three times
greater than those observed. Clearly, transfer of applied stress from matrix %o rods

is more complex than ailowed for by the simple parailel model. [f the effective

matrix region of influence an the rods is iess than he Istal matrix area, then lne

amount of stress axperienced Dy the rads would De less han predicted 5y the Skinner,
(8)

et al. modei . This would act to decrease 333 reiative o the
Jredicted value.
The standard deviations of 4 33 values aobtained from a 4 33-meCer

Jsing rounded probes jives an indication of the relative piezoelectric homogeneity of
the composites. For the composites tssted here the standard deviations of the

333 measurements were similar., Again, considering that the matrices used in this
wark have similar mechanical properties, this resuit is not unexpected.

: The hydrostatic piezoelectric coefficients (dh) reported in Taple 1 are
9

smaller than those of PZT but similar to that obsarved by Lynn( far the

PZT/epoxy system. The voltage coefficients are roughly an order of magnitude larger
than PZT bdecause the permitlivities of the compaosites are much lower than the values
for PZT alone. This resuits inahgh being significantly larger than that of 2ZT and
comparable to that of PVYDF., Also, na frequency dependence 3f -;'n w~as cbhserved

from 30 to 160 =z {Figure 2). Annealing was found 0 improve he piezceisctric

coefficients /especiallyg .nf due 0 3 significant decreasa inX __.

33
Compasite densities are roughly L.-’ug/r:ﬂ't3 .calculated), wnich s :
consicerably lower than the 7..3c;/crr'|3 of 27T, Law Zensity matarials sravice

Setler acoustic coupling 0 3N aqueous anvirsnment than 3snes 2f augn zemsity,

Therefore, these 'ypes 3f zomoositas may “e useful 3as shalicw-watar ~varsgrcres =r

far medical Jitrasound socclicaticns.




V. Canciusions

Composites of uniaxially oriented, continuous PZT rods embedded in polystyrene
or poly(methy! methacrylate) matrices possess hydrostatic piezoelectric coefficients
somewhat lower than that of homogeneous PZT. Haowever, hydrostatic voitage
coefficients for these materials are approxim\__ately an order of magnitude larger than
the ceramic element., Enhancement of Eh is primarily due to the recuction of K 33

over PZT. Further enhancement of the piezoelectric response can be accomplished 5y

annealing which further reduces 233. The d.., values and the standard

33
deviation of the 333 measursments are similar for Soth types of compasites.
Predictions of the composite piezoelectric coefficients based on the Skinner, at. al.

model are gualitatively correct but quantitatively gverestimated.
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Figqure Captions

Figure 1. Theorstical plot of log (d"a;) as a function of

-

volume fraction of PZT(Lv). Curve | gorresconds o 2,33
-7 2 rl
=z 107 m®/N; far curve I, 333310-9m2/N:

2

and for curve I, 333=m'1°m2/

N. The braoken
line represents the d g, for homogeneaus 2ZT.
Figure 2. Piezoelectric response aof PZT/PS and PZT/PMMA compasites as
a function of frequency. 1

{a) Unanneaied.

‘h) Annealed.
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Table 1

Piezoelaczric Propertias of 1-3 Composites and Single Phase Materials.

- . . . - 3 * | - W ‘- AR " e - kW
Material %:7:;32 | &33 © dag i dh igh ; dhgh ,
! - - o e15 2
| oo | o e 0 - 107Pal Wy
! I ! | i | {
PZT/PS 132 % 70 10 | 2 3 790 |
| t
Zis | { ,‘
!
Pzz/PS 0 L2 | s 130 | 26 54 | re00 ;
(Annealed) ! * - l 5 | f
I ? % - 18 : ‘ ;
? ! ‘ ! 3 P i
22T /PMMA | 1.46 131 | 110 28 | 25 oo ‘
| 5 i
| | | | :,
PzT/PMMA |, 1.46 ! 100 | 125 35 0 39 . 1370 ?
(Annealed) | i - |
| ’ T a1 ! '
i | :
. | i
277 L7.9 . 1600 | 400 50 4 200 :
I ,l i . '
2YDF e w2 | 30 11 104 L1140 j
| ! | !
22T/Zpoxy | 1.4 97 - | 32 51 . 1530
(Ref. 9) ! I |
’ ' ' } i
* +
Errors are - ome standard deviation.
b 2]
Tscd i erro e I T 127, 3.7 167, and 3.3 207
stilmaceaq rTOTSs are n akiay 3‘.‘1 wJey vh Y e
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RESONANT MODES OF VIBRATION IN PIEZOELECTRIC PZT-PCLYMER
MPOSITES WITH TWO DIMENSIONAL PERIODICITY

T.R. GURURAJA, ¥W.A. SCHULZE AND L.E. CROSS
Materials Research Laboratory, The Pennsylvania State
University, University Park, PA 16802

B.A. AULD, Y.A. SHUI AND Y. WANG
Department of Applied Physics, Stanford Uiversity, Stanford,
CA 94305

Abstract-High frequency resonance characteristics of
piezoelectric PZT rod-polymer composites with 1-3
connectivity have been investigated. Electrical admittance
plots and laser probe dilatometry of the dynamic displacement
on the composite as a function of frequency are used to
interpret the vibration pattern of resonant modes.

INTRODUCTION

Piezoelectric PZT-polymer composites of different
connectivity pattern have been investigated to evaluate their
adaptability as ultrasomic transducers for medical applications in
the low megahertz frequency range’. Among all the different
composites, those with PZT-501A fibers embedded in Spurrs epoxy
(Polysciences, Warrington, PA) matrix with regular periodicity (1-
3 connectivity) appeared to be very promising for this
application. The present paper is a brief report om the high
frequency dynamic behavior of these composites in resonant
configuration aimed at understanding their physics and possibly
extending their usefulness in devices other than hydrophones.

Samples for the present study consisted of fired PZT-5014A
fibers (diameter = 0,45 mm) arranged in square lattice and
impregnated in Spurrs epoxy matrix. Disc shaped composites
{diameter = 1.9 cms) with 5, 10, 20, and 30 volume percent PZT
were cut and ground to proper thickness and poled at 20 kV/ca.

THEORY

Resonance modes which can be expected in a cylindrically
shaped composite are: fundamental radial and thickness modes and
their overtones, and possible resonant lateral modes due to the
regular periodicity of the PZT fibers in the composite.

Radial mode resonance is mainly determined by the effective
modulus CT normal to the fiber axis and the average denisty of the
composite. The effective modulus Cy was calculated by the Reuss
constant stress model”, Similarly the thickness mode resocanance
is defined by the effective modulus CL along the fiber axis and
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the average denisty of the composite. The effective podulus Cy
was estimated by the Voigt coastaat straia model®. For the
effective modulus calculations, elastic stiffngss aof the fibza
potscndicnla: to the length was chosen to be C = 12.1 2 10
N/2® and sloag the fiber axis Young's modslus E = 1/8%; = 10.5z
10°Y N/m® was chogen. For the epoxy, the modulus was determined to
be 4.7 x 1029 N/ 2",

At wavelengths comparable to the amit cell dimensions of the
array, the analysis is mors complicated. A Brillouia theory of
elsstic wave propagation ia a two dimensionally periodic lattics
cor:ospond}ng to compositses with 1-3 comnmectivity has been
developed”., For laterally propegating shear waves with
polarization along the fibers, the lowest stop band frequeancies
have been calcunlated.

NT. ON SONANCE MODE

Absolute value of electrical admittance was measured on
samples as a faunetion of frequemcy in the ambients of air aad
water using a spectrum analyzer (HP-3585A). Here samples of
differeat thickuness sad volume fraction wers examined to identify
the differsnt resonances observed in the O—2 MHz frsquemcy rangs.
The thrse major resonances of intsrest ars designated as fy, f,4,
and f as catsgorized in Table 1. To analyzs the anature of
vibration at these frequencies, detailed laser probe measarement
of sctual mechanical displacement oa the composits was performed
by laser hetsrodyme :achnique‘. Frequency scans of the altrasoamic
displacement st several points on the composite wers combined with
sutomated position scans across the diametsr of the composits at
{requencisas fl' f:l and f:z to study the vibration pattera.

The resonancs frequency £1 was iaversely proportional to
thickness of the sample. The vibration om PZT fiber was in phase
with that of the epozxy. For samples rssomating at low frsquencies
(=300 XHz), the amplitude om the rod was only a little bit smaller
than that on the spoxy. Ths resonance was heavily damped whezn ths

Table 1. Resonaant Modes in PZT Rod-Polymer Composites.
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Figure 1. Phase veldcities for Figurs 2. Unit cells in
PZT-fiber-polyer the composite.
composites.

resonator was immersed in water. Such a behavior suggests that
this is the longitudinal thickmess mode. Longitudinal velocities
of souad along the fiber axis calculated using the resonance
frequency agree very well with the theoretically estimated values
for the composites of differeant volume fraction (Figure 1),

Resonances at ftl and f:z are quite similar in nature. For a
certain volume fraction the resonances always occor at specified
frequencies immaterial of the thickmness, This observation
indicates that the two resonances are due to transverse
periodicity in the lattice.

The vibration pattera at ftl can be explained by referriang
to Figures 2 which has four uwait cells. At this frequency all the
rods vibrate in phase. The vibration amplitnde A at points a, b,
sand ¢ in Figure 2 follows the relation A_ =~ Ab >> A, The phase
differeace between points s and b was fooand to de 180° Tle
observed behavior can be explained by the superposition of two
standing shear wave patterns of wavelength equal to the lattice
periodicity (d) existing along both x and y axes. This resonance
corresponds to ome of the stop bands predicted by the theory.
Velocity of transverse shear waves, V_ = dftl' is tabulated in
Table 1.

At frequency f: » the amplitude A at points a, b, and ¢
follows the relation A, > Ac > A.. Points a and b vibrate in
phase and there is 180° ;hase difference between the vibrations at
points b aad c. Soperposition of standing shear waves along the
two diagonals explaian the observed vibration patteran. This
lateral shear resonance along the diagonmal fits a predicted stop
band. Again the transverse shear velocity is calculated by the
equation Vs = dftzl/z. The calculated shear velocity is about 25%
lower than the messured velocity in epoxy by the transmission
technique (1050-1100 m/sec). This is quite possibly dus to the
mass loading by PZT fibers.

The thickness coupling coefficient k., and Q of the composites
are given in Table 2, The data is mainly divided into two groups.
Thin samples with thickness around 0.6 mm resonating arouad 2.25
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MHz aad thick samples with Table 2. Thickness Mdods

thickness sbove 2 mm with Resonance,
resonance frequeacy arouaad 500 4 ... Thieksess t X, a
KHz. Iz thia samples, tha 7T L
resonance frequeacy is aunch s $7.1 5.2
higher than that of the stroag 1
latersl modes. Therefors, the Thiet b ¢
PZT fibers can be pictured as 10 Tata 8.2 7.9
vibrating independently resulting Tatex 0.0 3.9
iz k, close to that of PZT. The Py s ”
low & indicatss that the PZT rods 20 ) )
are partially damped by the Thiet 39.1 18,1
surrounding polymez. For thick Thta - -
. : Q
composites, the resomance is ! Bk o .3

¢lose to the lateral modes and
the vibration of PZT fibers is latsrally coupled through the epoxy

83 evidencsd by the oniform mechanical displacement aczross the

sample and is indicated by low k,. The high Q for thick

composites is a result of very low asttemnation losses ia the epozy
at sarouad 0.5 MHz,

The radial mode coupling coefficient & was 22% for 5% PZT
composites and increased to 27% for 30% PQT composites. The
transverss [ongitadianal velocity VT calculatsd using tie resomancs
frequency and the diametar of the composits is compared witlh ths
theory in Figure 1. The large discrspancy between the calcalated
and measursd velocities of transverse longitudinal wave is
probably dane to the finite dismeter of the PZT fibers. Elastic
stiffening by the PZT fibers is provided omly at discrsts points
in the composits, and the approximations in the Reuss aodel aze
therefors not completsly valid.

PZT rod-polymer composites with 1-3 conanectivity have, iz j
sddition to thickness and radial modes, complex laterasl :
vibrational modes dus %o the periodicity of the lattice. The 1
corrsspondence between ths theory and experiment for the lateral ‘
modes is remarkably closs. The thickness mnode resonance ia
relatively thick composites follows the Voigt constaat straia
mode’.
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THE INCORPORATION CF RIGID COMPOSITES INTO A CONFORIAL
HYDROPHONE

Ww. SCHULZZI, G. DAYTON, D. LAUBSCHER, L. WEBSTER, E. 3I3EAU,
R. MILLER, B.J. KEARMNS, S.R. BREWNEXLAN, D. CROSS, . HAUN,
A. NARTHASILPA, 3. JCNES, A. SAFARI, T. SHROUT, S.-7. LYNN,
R. WILSON AND J. BIGGERS

laterials Research Laboratory, The Pennsvlivania Stace
Universicy, Uaniversicy Park, P4 13802

Abstract During the past five vears, aumerous somposite zon-
figurations have been analvsed for hydrostatic transducer
application. Alrhough some of these composite configurations
have been flexible, & configuration with good sensitivicv and
mechanical durability has not bee produced. The need ZIcr a
sheet or mat, largze area transducer thac will conform Zo :zhe
hull of a ship has led to the incorporazion of small rigid
composite elements into a macrocomposite. The goals se:t Zor
the conformal transducer were sensitivizgy greatar zhan ~200

dB re 1 V/uPa, operation fo at least ;7 Pa, maximum irequencv
of 100 Hz, counforming to a 0.10 a radius and a nvdrophone sec-
tion of at least 0.0l =l.

In the study cthree twpes of rigid :zomposizas ara usad <o
determine :the effact of compliant hinge macterial and flexible
alactrodes on the hydrostatic sensitivizv. Twvpical response
of a 1-3 rod composite in flexidle Zorm is a seasizivizy of
-193 dB re Ll V/uPa, with a zapacitance of L- .Z per am~ and
only 2 dB degradation when operating ac 7 .Pa.

~

-
-
-

INTRODUCTION

During the pnast five vears :zhe Terroics Group at the .lazarials
Research Laboratorvy of The Pennsvivania 3tate Jaiversizw 1as zheo-
retically and practically explored the use of polwvmer
sites as hvdrostatic prassurs sensors-. advanc d
these composites nhave nade them interasting :zzan
traditional tube and spuers dased Avdroopnones I
cover large areas and require :zomformabilizv. A 2ia
posita approaches fthe prsolam of zhe low avarsszictic
227 (lead zirconmata tizanac2) (n 3 e :

axistiag avdroonones. 3ol Zavicas A scac
5v decoupling the longicudinal ang se 25358
Although PIZ7 1as large pilezocelaczri: zharge :cefl

"
[
n
o

)
(9]
a3

and 437 3 is the poling il

clent (dp), which is zhe sum >7 iy,
133 is ocopesize 1o sizn 12 I3. anc




twice its magnizude. I a properly desizned icmposi:te, ii should
be possible to decouple the <37 :iomponent :Irom 431, 2nhancizng <y
while scill maincaining a stroug Tonolithic devize. ‘Work wiszs
composite aydrophones materia. has demonsgratad the addizional
advantages of low demsicy, low permissivicy, the possibiliczy of
increased resistance = mechanical shock and alse che possibilizy
of fabricacion in flexible form.

DESCRIPTION OF HYDROPYONE

Qur goal was =0 prapare :zrial aydropnones zhat were 2cafasrzapls
and nad a moderate area of 100 smé. Zvaluation of che various sne,
Two or zhree dimensionally connectad 2Z7 necworks 1as indigcacad zhac
Aost cruly Zlexible matarials are 10t paysically scatble wich pres-
sure cyecling and nave propertias that continually change with
flexural cycling. For this reason the Ilaxiblas compositce zrans-
ducers were limicad to solid macarials that are ainged £o make a
flaxible sheet or a composite-composiza. These hydrophones wers
prepared from chree of che mosc promisiag composite tachniques: 'a)
a chree dimemsionally connected PIT-epoxy composiza xnown as 3URPS-;
{(b) a one dimensionally conneccad 72T rod assembly (.-3-2) haeld
togecher bv epoxy loaded wich glass spheres3; (c) a shape (3-1)
that is basically a PZT cube with a cylindrical nole perpendiczular
2o the poling diresczion=.

Each test hydrophone was L/18 zhe aormal active araa or 2.3x
2.3 cm and has 3 thickness of about 0.3 m. The devica is Ilaxidie
anough to %end around & 4 ¢m radius. Figura sfows a cross-section
of this design. The active-alaments comprise approximactalwv 2Q% of
the hydrophones zocal area and are held together 5v insulatiag
solyurechane which zives the device izs flaxibiliczv. ?Polyurechane
and other viscoelastic polymers have a poisson’'s ratio of 0.3 ane
therefore ara nydrostatically sciff. This was shown 2o %e a Jro-
blem when usiag poiyurathane as =he matrix ia .- composites, zand
was aiso found o e a problem when used wich zhese verv lLarge
cross-saciion blocks. To altar the poisson's racio, zhe polyuras-
thane was filled wich gzlass balloons, polymechyl methacre-laca spheras
Jr zas bubbles.

-
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THE INCORPORATION OF RIGID COMPOSITEIS INTO A CONFORMAL...

The eleczrode of a Ilexible :zomposite njust endura numerous
bends and still maintain a low resiscance. In-house experiments
with various conductor lLoaded organics Rhave _ed o the selection of
a dual electrode system. First each rigid elament (4x4 mm) of the
hydrophone is electroded with nighly conducting silver ZIritc or
silver epoxy to give a very low resistance across the suriace.

T.ese electrodes are then tied together by a laver of carbon loaded
polyurechane. The carbon loaded polvuretchane bonds verv well to tae
polyurethane conneczing material and nas sufficient conductivicy
(5x102 2-lem~l) co allow a frequency response o about .00 XHz
depending on the capacicance of the elemen:s involved.

The outermost laver is Zor the purpose 3f aeleczrical iasulation
and chemicai proctecction from zhe environmenzi. This lLaver n1as re-—
mained the same in all the desizgns and is =ae most Ilexible oI :zihe
polyurechane series used.

The merits of che three sensing Daterials were judged o de

a combination of semsizivitcy, durabilicy, and ease of Zabriczaticn.
A fourth critariom, Zlexibiliczv, is neld comsczant in chis stucy.
The levels of the device response as given in Table 1 depends =2n

the connectivicy oU che composite and on the propercies of the
components. The naterials used in the folleowing composizes ara 2ot
proposed as a maximized zombinacion 5ut onlv as the best components
selected from a relacively limizad number available at our facili-

5

-es'The 9ZT used in all composites will bHe cvpe 5301 produced 5v
Ulzrasonic Powders, Ianc. Depending on the int2rnal prassuras zenera-
ted, a different zvpe Oof material may iancrease sensitivizy 2T stabi-
lity but this PZ7 should be 3 zood compromise Zor zhe initial sam-.
ples produced in this studv. Even though the green processing and
fired shapes are markedly different, experience has shown the pra-
perties of the 2?27 o remain relativelv conscanct.

Table 1. Properties of composite materials.

COMPOS (TES

i Matarials Proper<ias

Campasite ? ; 3 f dn (30 42} 3, R i
*ype < ogriemt AT e Vommxtod R xigh S G
3URPS I N 15 13 3400 130
14329 b0 1.3 35 52 3400 227
3+! macro- ’ ‘ ‘

campasite 350 Ee] '30 23 +4C0 290
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DISCUSSION OF SPECIFIC COMPOSITI

J=1 Macrocomposic

This composite is sne of the more rscent desizas arisiag Iroo
cthe consideration £or mass production (extrusiomn) and the realiza-
tion chat a toetally rigid alectrode area :iransfers the daxiaum
force co the active element while providing a stiffening against
cthe transverse (d3]) scresses. The original paper and this study
ucilize parcts produced »y ultrasonic drilling, but this should bde
replaced bv axtruding a slug of ?ZT wizh a cylindrical hola. The
tube 3ay zhen Ye zut %o desired lengch. A pgermizziviczv of 330 and
a densicy of 5 make devices usizng this matariail the neaviest acd
the lowest in eleczrical impedance of the three zcmpositas propcsec.

1-3=0

This design is zhe most d4ifficulc =o Iabricata Sut also is the
systam wich zhe mostc versacilizy. Iz is zhis svstam zhat 21as b>eec
constructad as a naturally Zlexibls material alchough =zore study
i3 aeeded o develcop a non-dispersive Zlexibla polymer zhat is 20t
aydroscacically iacompressible. The l1-3 composize iz chis scudy is
a compromise bdecween a high 3y for nmaximum sensizivizv [-193 43
re 1 V/uPa) and an arditrarv minimum capacitance (X-100) of ~1200
2£. There is also a slight Irequency and pjressurs Zependency of
apout 1 dB for Q zo 1000 psi and 20 co 200 Hz.

3URPS

The 3URPS cechnology is perhaps tle simplest zo Zabricacs. The
solid macarial is producad Dy zonventional powder,slug Zabricacion.
Ounce the poras of zhe zhree dimeansional P77 aezwork arsz filled wizh
a polymer, che matarial probably also becomes zhe most Tuggzed o°F
zhe candidactes. II tan then be cut and shaped with dormal zachining

tachniques. Ilaciroding Lis done wizh conducsing 3poxy and she mataer-
ial is polad zo sacuracion ac 120°C.

The sensicivizy of zke 3URPS composicz2 is zhe Lowess (=203 43
re L 7/uPa) of zhe zhrae 5Suc 1as Lizzla prassur2 sensizivzizy aven
o 1000 psi. The permiztivizy of <00 is sufficiant o5 give 3.3 af
capacitance jer 10x10 :zila.
RESULIS AND DISCUSSION

As was found when 2xploring che rasponse 5Z =3 :zmpositas,
che macrix (hinge) :zan stronglyv influenca the rasponse oF :he 227
rin zhis zase the :zomposiza). The <30 flaxane is zors zcmpliant
zhan zhe #9590 Ilaxane and is "eliaved 22 2e Aavdrosgacizallw sciilar
‘p0isson’'s vatio near J.3). As zan Je seen in Tabla I, the ~1C
ilaxane alwavs raducad zhe rasponse Sf zhe lomposizas ang 1a 1R
zise whera zhe Jolvurachane 2?2V Zillad ke zantar oI zne -1, ine
Iy was raduyced 1o almost tRa: 27 solid ?IT i: appears :tna:z the
avdrostacically s2iiI rage macarzal ssiifans the zeviia ing ramcuas

jTrass Ivom zhe IzmDcsiza.
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20t limit :zhe avdrostatic ras site 2laments. The
three tvpes of :;;_e:; were a, zas >dubdles; D) solrmerhvl zmechacru-
late (PIMM) spheres and zlass Sa’looms M3). A second diffizulzv
Jecame avident when 2sing zhe bubdbles. IF =ne ninge 13 vers scriz,
the stiii :ardon Zidber siacirsde acts is 3 ‘or-a zathering elamens
and the composiza appears =o have 3 Tesponse larger thanm normal as
10w oressure. This affac:z drops sut ac 2izh ovdroscatic orassuras
and the Jevicze has zhe rasponse 3f a so.iz Ainge :onfigurzzisn. At
1000 psi most devices have she same Tespcnse az zsout =203 =23,

“he two solid fillers were spnerizal parctizlas in the srder af
30 Um djiamecter and gzave similar sensiziviiv levels. The 7
spneres were 2asiar 3 aix wizh zhe PV =han -he micrsballocn 13
and gave more pressure stable rasulczs. Scme of -he nizn valoes
recorded on MB Iilled ?U is act:zriduted o zRe incorocracion oF small

ir bubbles during mixing.
The 1-3-3 alements sulfar Zrom zhe same

-

desizgn uses a 2.3 mm wide ain
Silitv. A reduczion sf the
and 3udn bv 387

Although it was a0t pes

J=1 composita. Aas ex;e#'ed. the 1-3=) zive a2 ai
than the 3-1 dut lower dy because of zhe raducecd
The dn and zhpdn oroducs of 3.1 the devices
2raply from che actual value 37 zhe lomposize de
increased devicze ar=a nesded for zhe aingi

ug
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31223 =5 maxe
25 100 «Ez, r2sonance measuramenzs waeza 4
mencs ind tne devizes., The L-3-) macerial
3t 200 «Hz which was almosc zstalls zamped sus
The 3-1 mazerial had an unidanzilisd wascnancs
0L 2xhidic signifizan: wenczpacizancs imoacan
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1) 3Jigid composize aydropnone zaterial zan >e Iincsrporatad
into a conformal sheet hydropaone with semsitivicy gresacar zhan
-200 d8 and capacizance greatar zaan 300 af/m<.

2) Raduction in flaxibilizy Sy decreased hiznge thickness zan
signficantly increase sheec capacitance or zhdp oroducs.

3) Care ausc be given 5 the ainge matarial Io achiave 2
£lexible but scill aydroscacically zompressidle mazarial.
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GRAIN OQRIENTED GLASS-CIRAMICS: NEW ({ATERIALS FOR HYDRCPHCNE
APPLICATICNS

A. HALLIYAL, aA. SAFARI, A.S. 3HALLA AND R.E. NEWNEAM
laterials Research Laboratory, The Pennsylvania State
Universizy, Universitv Park, PA 16802

Abstracs Srain oriented glass-ceramics of Zresnoite
(8a7T1i5170g) and its modificzations 3rTi5i>Jg and 3a,;7:iGe-lg
have been prepared Dy recrvstallizing glasses in a temperagure
gradientc. ?Plezoelactric voitage coefficients 333 and aydro-
static voltage coefficilent g, of chese glass-ceramics are
comparable to those of PVF» and an order of magnitude aizher
than the corresponding wvalues of ?2T. These glass=-ceramic
sSeem to De attractive candidace materials Zor hvdropnones and
several piezoelectric devices. Hydrostatic piezoeleccri:z
properties of 3aTiSij0g and 3ajpTiGep0g single crystals are
also reported.

INTRODUCTION

: . ‘—- . .
It has been shown in our e2arlier studies+™  chat the technique

of recrystallizing glasses in a temperature gradient can de uzilized
to produce grain oriented glass-ceramics wicth useful pvroelec:tric
and piezoelectric properties. From this technique, which is suicable
for preparing inexpensive larze area pvroelectric deteczors and
piliezoelectric resonators, glass-—ceramics with both crvscallographic
and polar orientation are obtained. Several glass forming svscems
like Li20-S10,, Li20-Si02-Bad3, 3a0-5i02-T107, 3r0-5i09-Tid7 and
Ba0~Ge02-Ti09 were examined to obcain glass-ceramics with opcimum
properties. The crystalline phases recrvstallized from the above
systems were Li38i305, Li»B40y, B3apTiS1i30g, SraTiSi>0g or 3a3GepTilds.
All these crystalline phases are nonferroelectric and beloag zo one
of the ten polar point groups. Qne or more crystailine phases are
obtained depending on the originmal composition of zlasses. 3Ixten-
sive studies have been carried out to obtain glass-ceramics wizh
good physical properties and to optimize the pvroelec:iris and
plezoelectric properties by varying the composition of zlasses and
5y adding several modifving oxides to the above gzlass compositicns.
The details about the exact composition and properties zan Se Zound
in references i~3.

In the present study, che avdrostatic piezoeleczri:z sroperzias
of glass-ceramics of fresmoite (3a2TiSi20g) and i:ts modifizationms
5r27i51208 and 3a3GeoTi0q are reporzed. The properzias of
3a774i5120g and 3a7T1ue¢Og single brnga-s wara also measured. The
avdrostatic piezoelesctric coefiicient &, nydrasua_-: voltage
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coefficient 3y and acoust: impedances Jf :hese naterials are zom-
pared wich commonly used piezoelecsris :aatarials like l2ad zirconmacte
titanate (?ZT) and polyvinyladene Iluoride [(CHF9)q or 2VFyi. The
advantages of zlass-ceramics Sor aydropnone appiicacioms are dis-
cussed. In the lastc seczion, an explanation is ziven Zor the aigh
value of 3y Lo Iresnoite single cryscals.

SAMPLE PREPARATTION AND MEASUREIENTS

Glasses of different composizicons wera prepared by aixing reagent
Zrade chemicals and melting in a placinum crucible. Glass=-ceramic
samples of aoproximaraly I cm diamecer wiczh oriemced cryscalliczas
were prepared dy recrystallizing cthe glasses in a tamperature
gradientz. I-ray diffraczion and aicroscrucsure scudies indicatad
that needle-like cryscals grow from zhe syrface iago the bulx of
the sample aloug :the direction of zemperacure gradieac. Furzher
details about sample preparation and characserizacionm can »e Iound
ia refarences l-3. 3ingle crvstals of 337?151*03 and 3a7iGe20g,

1l em in diameter were grown {rom nel:is of stoichiomecri: composi-
zions by Czochralski mechod®:7.

For dielectric and piezcelscITic measuramencs, sectious wer
aormal to the Zzamperature gradienc, :zhen ;oL;shed and Soataed wizh
spuctared gold electrodes. The dimemsgions of che finished samplas
were approximataly L ¢m in diametar and 0.5 zm ia chickness.

The dielectric constant X and loss Zaczors of sampias wera
measurad at a frequency of 1 XHz, using a Hewlact Pacxari autcmacad
:apacitance bridge (Model 4270A). The piezoelectric 433 soefii-

ient was Zeasurad wiih a d33-me:er (Caannel ?roducss, zodel C2DT
3300) The nydrostacic voltage coefficient 3y was measurad v a
dynamic sechodd which is basically a comparative tachnique. In
this mechod, a 2Z7-3 sample of kaown value of 3, 1s used as a stand-
ard. Afcer che sample aod the scandard ars slaced iz the aolder,
the chamber is filled wizh oil and a scacic pressure is anolieq. A
function generator sec o che desired Irsquency drives am AC stT
generatoyr placed iaside the test chamber. The voltage produced :y
the sample is displaved on an oscilloscove and compared =g the vol-
tage produced bv the standard. 3y <aowing the voltage responses
and the dimensions of the sample and cthe scandard, we zan salzulate
the piezoelecizic voliage cgefficient gy of the sampla. 7ZFrom the
neasured values of 433, 3, and X, the piezoelectric volzage = b3
cienc g33 = 133/ £oX and aydrosczatic piezoelac:zri: soefiicianc dn =
3pioX were calculatad.

CCMPOSITION OF GLASSES

m

okt 3y

1]
™
"
[

The composizion and <rvstalline pnases af glass~-caramic
given in Table L along wizh :their crwscallizaczion zamperactu
detarmined Sv axotiermis Jeaks o3I JTA runs.

For all the systams axamined ia zhe Jrasent scudy, s583ishsc-
lecTis omposizions iid aoc give g-ass-ca: 13s wiIl zood 2avsilal
and pilezoelec:iTic properzies. Hengza :the zomoosizions o7 slasses
wera Jptlaized in ordar 3 :cpcain ;Lass-:aram;:s srzn ozniform
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Table 1. Compositions and crvstalline phases.

Composition Crystaliizacion Crystalline
Temp (°C) Phases

28:0-35102-1’10z 930 BQZT{51203
(1.96a0-0. mbo)-ssmz-noz 920 3;21’15120a
28:0-0.15C40-2.95102-r'02 920 8327151203
T.53‘0—0.4CA0-Z.85‘02-T102 930 Bazrisizca
1.5830-0.4Sr0-35102-7102-0.2Cao 930 aazrisizoa
ZSHD-35102-T102 350 Sr,T!Sizoa
(1.85r0-0. 28a0)-2.8510,-T10,-0. 1Ca0 340 SryTiSi,0g
Bao-Geoz-Tioz 300 aazrieezoa

&
erystallization and useful piezoelectric and pyroelectric properczies.
The optimized compositions for BapTiSij0g, SrpTiSij;0g and 3ajGe,Tilg
were 23a0-~35109-Ti07, 25r0-35i02-Ti0 and 3a0-GeQ2-Ti02 respectively.
Addition of a small percentage of Pb0, Ca0 and SrO helped in obtain-
ing glass-ceramics with uniform crystallizacion and good mechanical
strength. 7The crystallization temperature of the glasses were in
the range 8Q00-950°C. The crystalline phases of all the glass-
ceramics are also lisced in Table 1.

HYDROSTATIC MEASUREZENTS

The measured values of dielectiric comstant, d33 and g are
listed in Table 2, along with the calculaced values of z33, dn and
dngy- The properties of BapTiSis0g and BayGepTiOg single crvstals
are also listed in the table. A comparison of dielectric and avdro-
static properties of glass-ceramics with the corresponding proper-
ties of PYF2 and PZT 50lA is given in Table 3. The values of zjand

Table 2. Hydrostatic measurements.

Composition X ‘33 813 £ a, 33y
KM 1073 ven) (107 vmm) oeow (10705 el

2820-1510,-T10, 3 7 ") 110 3.8 370
(1.9820-0. 1Pb0)- 1510,-710, 10 7 20 1o 3.7 1070
2840-0. 15Ca0-2.9510,-710, 10 § ) 75 5.5 500
(1.6840-0. 4040)- 2. 8810,-T10, 10.5 § &5 3§ 1.3 570
(1.6840-0. 4570} 1$10,-710,-0. 2£a0 3.3 & 70 100 3.7 370
25¢0-1510,-T10, 1.5 14 138 35 . 719
(1.85¢0-0.2800)-2.9510,-0.1Ca0-T10,  10.6 10 107 100 3.4 340
3a0-3ed,-T10, T s a5 78 9.3 550
%aT151,3, (Single Crystal) ik 3 a2 130 12.7 1650
8a,71Ge,0 (Single Crystal) .4 3 a0 120 2. 1250
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Table 3. Comparison.of piezo- dngh of glass-ceramics are :zom-
@laczric propertias. parable o that of P7F; and awuch

higher than che corresponding
values 2f ?IT. Zven though zhe

Progerty Slass- PVE, T values of d13 and dy of glass=
ceramics are comparatively .ow,
K 10 13 1800 the magnitudes of 233 and zy
433(10'7- ¢/N) 810 k)] 450 are high because of their low
431mo'lZC/N) +1.5 .18 -208 dielecszi :onscaqza"o. Acous=~
4,,(10"2 e/N) 3-10 . I cic i:np?daz}ce : o:.;lass-ce::am::.s
933(10‘3 ‘m/N) 100 250 28 '_’f:: Ea:f;“::e:ujz{;hi-e-a-
31073 um/n) 100 100 25 iy i b TR
' .15 2 ) ; ensizy 3f zhe naterial anc =
4,3,(10 7 a%/N) 1000 1000 00 is zhe velocicy of sound iz zqe
2010° rayis) 1825 2-3 30 zedium. Acoustic impedances of
8lass-ceramics are comparad wi:zh

those of 2VF, and ?ZT in Tablie
3.

APPLICATICN IN HYDROPHONES

A nydrophone 1s 3 passive device used as a hydrostati: prassura
sensor. For hydropnome applicacions, the commonly used figure of
zerits are hydroscatic voltage coefficient gy, and dnwgy. For hydro-

r a

phone applicacions, the desirable propercsies 2f a transducer nacar-
fal are:

1. Bigh dp, 3y and dngzy-

2. Low densicy for betcer acoustic nacching wich wacgar.

3. High compliance and flexibility so thac the transducer zan
withstand amechanical shocik and it can Ye deformed zo any
desired profila.

4. No variatiom of 3y with pressure.

?2T ceramics ara used axtensively as pilazoelaczric Transducer
naterials despicte 1aving several disadvantages. The values of 3y
and dygn of ?ZT are low because of its high dielec:iric conscanct
(~1800) and low dy. In addition, the aigh deasity of 227 (%7900
xg/23) makes iz difficulc =0 obtain good impedance macchiag wizh
7atar. .oreover, Ior hydrophone apolications, a lore zompliant
material wich Setcctar shock rasistance would be dasirabls. 7To over-
some zhe problems of 277 Ior use in hydrophones, a aumber 5I zoumpo-
sizas of P2T and jolvmer wizh different zouneccivizias nave Heen
studied ia racent yea:sg. Tery 1igh values Jf 3y and dn2, nave Leen
achiaved with zhe composica approaci. )

However, among singla pnase jacerids ?Vr. seemsto e 3anm 3atITvic-
¢ive candidac2 zacsrial for aydropnone appii:i:ians. IZ 2as 3 Lo
densicy (1740 %z/3°) and it is a Ilaxibls macarial. al:

low 437 and dy, Qe dialaciric comscant Jof Zhis dactarial is low
2nougn thac larze values 3f piazoelecirii voliage seffiziancs 3ii’
and 2, are possible. (Jverall, :his combinacion If srovertias sae2ms
30 Je verv agsrac:iive and ?V?: 1as racaivag Ine 3itIantion oI sevaral
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invescigatorslo. dowever, the major problem in :the use 2f 2VFs is
difficulcy in poling PVF7 sheets. A very high voltage I1s necessary
to pole PVF, (about 10 to 100 MV/m) and this puts a limitation on
the thickness of PVF,; that can be poled.

From Table 3, it is clear that the piezoelec:zric coefiicients
d33 and dy of glass-ceramics are comparable to those of ?VF,, but
much lower than that of PZT. However, values of z33 and gy of
glass-ceramics are auch higher than that of PZT. Hence these glass-
ceramics will be useful in passive devices like aydrostatic pressure
sensors where gp is nmore important. The variation of 3, with pres-
sure was measured for glass-ceramics upto 3 MPa. There was no sig-
nificant variatiom of g, with pressure. In practical use, glass-
ceramics may offer several advantages over PVF, and other Ierrocelec-
tric materials for application in piezoelectric devices as discussed
below.

Since all these gzlass-ceramics are nonferroelectric, there is
no poling step involved, which is a major problem with PVF2. There
will be no problem of depoling or ageing wnhich are commonly encoun-
tered in most of the Zerroelectric materials. Hence, these glass-
ceramics can bde used in devices operating at higher temperatures.
Large area devices can be prepared easily by routine glass prepara-
tion techniques and hence the cost of the device can de signiiicancly
lowered compared to that of PVFp. Since acoustic impedances of these
glass-ceramics (18-20xl10° rayls) macches with that of alumiaum, zhev
can be used for non-destructive testing of aluminum. These glass-
ceramics look attractive for use in piezoelectric devices in which
glass fibers are used.

P0SITIVE d31 IN FRESNOITE SINGLE CRYSTALS

The gh values of 3aTiSij0Og and 3a3TiGes0g single crystals seem
to be unusually nigh compared to most of the commonly used piezoelac-
tric materials.

The hydrostatic piezoelectric coefiicient dy is given by the
equation

+ 2d31 (L

4y = 433
Zven though d33 and dj; coefficients of PZT are large (Table 3) its
dy value is low because of their opposize signs. !llorsover, its aigh
dielectric comnscant (~1800) furcther lowers che volzage coefficients
233 and 2y (Table 3). On che octher nhand, Ior fresnoite, even theough
d33 is low, dp is slightly higher than 433 because of positive d3:.
In addition, because che dielectric zonstant 2f Iresnoice i3 ver:
low (~10), che values of 233 and 3y are very aigh. The »
sign of dq1 in fresnoite was zonfirmed 5v measursment wit
meter. A model has >een proposed o explain the posizive
431 in fresnoite based 9n its crvystal structure and incar
2oisson's ratio strass=-.
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CONCLUSIONS

(1) It has been shown that grain oriencad zlass~ceramics ia
the 3a0-5i07-Ti07, 3a0-Ge0p-Ti07 and Sr0-3i07-Ti0; syscams can de
prepared by crvscallizing glasses of optimized compositions iz a
temperature gzradienc.

(2) Magnicudes of hydrostacic piezoelectric coefiicienc dy,
hydroscacic volcage coefficient g, and dialectric comstant of 3lass-
ceramics are comparable %o the corresponding values of PVF;.

(3) Acoustic impedances of chese gzlass-caramics are iz the
range 18-20x106 rayls and hence good acoustic zacchiag can se
obtained wich mecals like aluminum and commonly used zlasses.

(4) These glass-ceramics are aonferroelaczric and hence zhe
oroblems associatad with poling and ageing are avoided. aAlso, chey
<an be used in devices operating at higher temperaturses.
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Abstyaet

Glass ceramics are shown in this study as a new class of
transduction materials for application in sonar
transducers. It is found that the glass ceramics of
BaoT1iS150g have high hydrostacic voltage sensitivity, low

dielectric loss and low dieleczric constanc. Thase
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propertias are also showm to be practically {ndependent of
prassuras up to 35 MPa. The free-field voltage seasitivity
of a glass-ceramic prototype hydrophoune is higher than that
based on 2 commonly usad lead zirconate titanate (?2T)
csramic elament.

PACS: 43.88.Fx; 43.30.T4; 77.60.4+v; 77.20.+y

INTRODUCTION

Since the discovery of the ferroelectric barium tizanacte (Bario3) and
lesd zircoanate zizanace (?ZT)L’Z, ceramics have been rapidly replaciag
couventional pilezoelectTic crystals for hydrophone applicazions, and now 2Z7
csramics ars used almost exclusively {a the J.S. Navy's sonar transducers.
However, P2ZT csramics suffer several disadvancages: che values of Cheir
hydroscactic piezoelecsric coastants ars reslactively low, and dielectric
constants v;ry high. The density of these ceramics is also very high.
Furtheraore, ?Z7 exhibils depoling or aging problems as commonly encosuntared
{n most of the ferroelectric zacerials.> Therefora, thers has Deen a greac
deal of interest {n recent years to develop new transduction zaterials chat
offer improved sensicivity and aging characteriscics. Several diifersnt
approaches such as ?ZT-polymer ccmposi:es“ and piezoeleczric ;olyuer5 have
been {avestigzaced. Recently 3 new family of materials (polar glass ceramics)
has been studied fsr pyroelectric and ?iezoelec:ric applica:ions.s'LL Gliass
ceramics concaianiang :the crystalline phases of Lizsio3, Lzzsizos, 3322151203,
33211G0203, and 2123¢O7 vere shown to exhibif large pyroelacsric rasponses
comparable o zhose of respective siagle crystals. These zazarials 3lso lave

low dialectTic zsnscanc iz the raage 3f 10~20 and actraczive piszoelacIsia




properties. In this report, grain-oriented Ba,TiSi,05 glass ceramics (BST)

ars proposed as new materials for potential applications in sonar transducers.

EXPERIMENTAL
Glass csramic samples with oriented BazfiSizoa crystallites were prepared

by recrystallizing the glasses of compositions in the 8&0-1102-5102 systea in |

a temperature gradient. The detailed procedure for the preparation of glass
ceramic samples was described in earlier teferences.s'll The oriented
sections (after the recrystallization of the glasses) were cut normal to the
temperature gradient and then polished to thickness =0.04 em. Silver-paint
electrodes wers coated ocn both sides of the sample for testing. The
piezoelectric and dielactric properties of the samples were characterized by

using an acoustic reciprocity cechniquc.lz The theory of this calibration

aathod has been well documen:ed13 and will not repeated here. The experiments
were carried out {n a castor-oil-filled acoustic coupler with temperature aad
pressure controlled to within #0.1°C and +0.02 MPa, respectively, and a
sinusoidal acoustic pressure applied at 1 kHz. The glass ceramic specimen wvas
in the form of a circular disk approximately l.2 <@ in diameter and 0.04-ca
thick. A PZT-5 sample, 1.3 cm in diameter and 0.6-cm chick, was also tested
as a reference. The properties of two commercially available piezoelectric
polymer PVFZ samples, obtained from two different sources, were also measured
for comparison. Each PVF, sample was a 1.2 em by 1.2 cm square piaece. Their
thicknesses were 0.056 c¢m and 0.070 c¢m, .respectively. The experiments wera
performed over the temperature range of 5 to 43°C. A pressure cycle was
carried out for each sample by increasing the scacic pressure in the coupler
from ambient to 35 MPa at 5 MPa inctervals, then followed with decreasiag

pressuyre ac the same rate. DJuring such a pressure cycle, :the temperature o7




the sysctem was carafully controlled ac 24.5°C.

The hydrophone characceriscics of the glass ceramic sample were also
evaluated {n a prototype design using a scandard NRL-USRD =8 high-{requency
hydrophone assembly. The elamentc was placed i{n the EZ8 mount with a rubber
vindow attached to the face. The deavice was tested at the NRL-USRD Lake
Facility to obtain izs free-field volrage sensizivicy (FFVS) as a function of

frequency.

RESULT AND DISCUSSION

Figure 1 shows the hydrostaric d conscant of the macerials :a;:ed as a
function of pressurs. The PZT-5 sample exhidited a dy, value of 21 pC/Y ac the
ambient prassurs, waich also increased slowly with {ncreasing pressure. The
dy, values for boch ?VFZ samples and the glass ceramic composice fall in che
range of 310 pC/N. FVF, sample ao. | showed a 1 dB reductioca iz dy whea che
pressures wvas increased from 0.5 2o IS MPa, whereas the Teduczion Sor the ?V?z.
sample no. 2 slightly exceeded 2 dB. The dh of cthe zlass caramic snacerial,
however, was coustant over the range of hydrosctacic pressure of Q 2o 35 ¥Pa.
During the decreasing portion of the pressure cycle, the dy value also
remained Ilndependent of pressure. This {s {n contrast %o some ceramic-solymer
composites which showed very large pressyre-hysteresis effec:s.LA The
plezoelectric voltage coanscant 3y, of the glass ceramic zaterial, shown ia
Fiz. 2, was also found to be independent of pressure up 23 35 ¥Pa. The 2y
value of 83:LO'3 7 a/¥ 1ls an idprovement asver that of 2TT-3 3y 2early two

T ——————
srders of zagnitude. °PVF, sample 20. | exhidited an ilaizial 3, value of

112%x1073 7 2/ wnich was decreased o 104x1073 7 a/V ac 35 MPa, rapresenziag 1
—— —

taduccion of 3.5 4B. ?V?z sample 0. 2 zave a 3y -2ss han that of the glass

zaramic. 12 938 31ls0 somewnRat prassur:2 sensizive; 3 J.3 48 raduciisn vas




——

found at 35 MPa. The dy, and g, properties of these zaterials were also
measured at 0.5 MPa over the temperature range betweea 5 and 45°C. The dy,
value of the glass ceramic sample was independent of the test temperature, bSut
8y increased linearly with temperature by about 0.4 dB from 5°C to 45°C. The
results on these samples are summarized in Table I.

The dielectric dissipation of thesa samples was also measured at 1 kHz.

It can be seen from Table I that both the PZT and PVFZ saterial have

dissipation in the range of 0.0l to 0.02. 3But the glass ceramic samples have

extremely low dissipation, varying from 0.00003 to 0.0006 depending on the

sample composition. This would be very important if one would consider the

material for active traansduction applicacions.
Aydao phone

The FFVS of the glass ceramic prococypetis shown in Fig. 3. A =211 dB
scnsit;vi:y referenced to 1 V/uPa was measured, and over the frequency range
of 10 co 100 kHz, the response was reasonably flac. The PVF, elements gave a
sensitivicy of =202 and -207 dB, respectively. Alchough the FFVS of the glass
caramic i{s less than those of PVF,, it should be noted that this seansitivicy
parameter depends on both the g, coustant of the material and the thickness of
the sample. The thickness of the glass ceramic sample {s oanly 0.04 c¢a, as
compared to 0.056 cm and 0.070 cam for the PVF, samples. Because of the high
voltage required for poling, the thickness of poled PVF, that can bde
fabricated will be severely limited. On the other hand, thick glass ceramics
can be readily prepared by routine glass fabrication techniques, and the FTVS
then can be easily increased. aAs i{s, .the glass ceramic sample i{s more
sensitive than the 0.6 ca thick PZT~3, whch gives a FFVS of =222 4B
re 1 V/uPa. Furthermora, the glass cearamics have low density (3=4¢ gm/cc) and

thus lower amechanical {apedance compared to that of ?2T ceramics.




Finally, iz is ooced thac the properties of the zlass ceramics are

approaching cthosa of lizhium sulphate crystals (see Table I). Lichium

sulphate has been used in underwacer tTansducers, and L{s still a favorize

plezcelectric znazterial for use ia many of the Navy's standard transducears.

However, the availabilicy of lithium sulphate from commercial sources has

declined rapidly in recent years. The glass csramic would be a good candidace

for izs raplacement.
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